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Abstract

Experiments were conducted in the microgravity of space in which a pool of liquid

(R-113), initially at a precisely defined pressure and temperature, is subjected to a step

imposed heat flux from a semi-transparent thin-film heater forming part of one wall of the

container such that boiling is initiated and maintained for a defined period of time at a

constant pressure level. Transient measurements of the heater surface and fluid

temperatures near the surface are made, noting in particular the conditions at the onset of

boiling, along with motion photography of the boiling process in two simultaneous views,

from beneath the heating surface and from the side. The conduct of the experiment and the

data acquisitions are completely automated and self-contained. A total of nine tests were

conducted at three levels of heat flux and three levels of subcooling under three essentially

identical circumstances in three space experiments designated as PBE-IA, -IB, -IC on the

STS-47, -57, -60, respectively. Minor differences in lengths of various components of the

experiments were programmed in the three flights. Two of the flights (STS-47, -60) took

place with the same physical hardware, while the other (STS-57) used an identically

fabricated hardware.

The basic mechanisms of pool boiling are reviewed, with particular emphasis on the

roles of buoyancy, and the experimental concepts and parameters used are given. The

hardware and operating procedures followed are described in some detail.

The experimental results for each of the nine (9) Runs in each of the space flights,

along with those from several post-flight ground tests, are given in sufficient detail that the

derived parameters and conclusions can be independently obtained, if desired. Sample

images are provided for each Run, following digitizing from the 16 mm film.

The absence of buoyancy permitted the onset of boiling at low heat flux levels, with

what is deemed as homogeneous nucleation taking place. The influence of these low levels

of heat flux and the pressure effect used to produce the bulk liquid subcooling are

accounted for by a modification of classical homogeneous nucleation theory. The high

levels of liquid superheat at nucleation produced extremely energetic bubble growth rates,

which resulted in unusual interfacial behaviors. In certain circumstances vapor bubbles

appear to be formed both within the residual liquid microlayer remaining on the surface as

the primary boiling front passes by, and in advance of this front. It appears that long term

steady nucleate boiling can take place on a flat heater surface in microgravity under special

conditions in which a large vapor bubble somewhat removed from the heater surface is

formed, which acts as a thermal sink to remove the nucleating bubbles from the heater

surface. The steady nucleate boiling heat transfer is enhanced significantly compared to



that in earthgravity. Using quasi-steadydataobtainedfrom the measurementsit was

possibleto constructtwo distinctcompositeapproximatemicro-gravitypoolboiling curves
for R-113,onefor thehigherlevelof subcoolingandonefor the lower levelof subcooling.

This is comparedwith aReferenceCurvefor pool boiling at a/g= +1. Themicrogravity

poolboiling curvesbearsomeresemblanceto theReferenceCurve,althoughthemaximum

heatflux is reducedconsiderably.
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1. INTRODUCTION

1.1 General Background

Nucleate boiling is an important mode of heat transfer in that relatively small

temperature differences can provide large rates of heat transfer, which can result in

significant economic and other benefits associated with the smaller heat transfer areas

necessary to accomplish a given function.

A limitation in the development of more compact power sources using nuclear energy

lies in the ability to remove the large heat generation rates possible from the reactor core in a

manner that is consistent, reliable and predictable. Nucleate boiling would be a candidate

for wide spread use in such an application were the fundamental mechanisms that govern

the process sufficiently well understood. Additional important applications of nucleate

boiling exist, such as steam generation in conventional power plants, distillation processes

in petroleum and other chemical plants, and the boiling of refrigerants in cooling coils, in

which the motion of the bulk liquid is generally imposed externally. This is termed forced

convection boiling, and the liquid motion moves the vapor formed away from the heated

surface so that the vapor may be utilized and/or further processed and the nucleate boiling

process can continue.

Other applications exist in which externally forced flow is absent, where buoyancy

provides the major mechanism for vapor removal from the vicinity of the heating surface,

and is generally designated pool boiling. Even in circumstances where forced convection

exists to some extent, the forces associated with flow acting on the vapor bubbles may be

sufficiently small that buoyancy or body forces will continue to be responsible for the

vapor removal process. It should then be possible to describe the behavior, in terms of the

basic governing mechanisms, by the pool boiling process. Devices in which pool boiling

occurs are two-phase closed thermosyphons, reboilers, and heat pipes, whether gravity

assisted or not. Potentially significant applications exist in the cooling of microelectronic

circuitry and the internal cooling of gas turbine blades. The latter would involve pool

boiling under high gravity fields, and its successful application would permit higher

operating temperatures with attendant higher efficiencies, and would also eliminate the need

for the development of exotic ceramic materials with the difficulties of thermal stresses and

reliability. Another important and as yet poorly understood area incorporated in the

mechanism of pool boiling is the breakdown of film boiling into the transition boiling

regime. This is of concern in the loss-of-coolant accident in nuclear power plants, and is

encompassed in the reflooding and fuel element rewetting processes. A good



understandingof this rewettingprocessin microgravity or in the absenceof buoyancy

would improveits applicationwithbuoyancy.
Theeffectiveandenhancedapplicationsof bothnucleatepool andforcedconvection

boiling requiresa soundunderstandingof the mechanismsgoverningtheprocesses.The

vaporremovalfrom thevicinity of theheatersurface,asunderstoodto this point, occurs

primarily by buoyancyin thecaseof poolboiling andbulk liquid inertia in thecasewith
forcedconvection. Although thevariationof bothgravity andforcedflow areknown to

influencethe overall heattransferprocesses,otherforcesor potentialsareactingaswell,

andtherelativesignificancesof theseareasyetpoorlyunderstood.

Requirementsfor the proper functioning of equipmentandpersonnelin the space

environmentof reducedgravityandvacuum,aswill benecessaryin spacestationmodules

and spacepower generation,introduceunique problemsin temperaturecontrol, power

generation,energydissipation,the storage,transfer,control andconditioning of fluids

(includingcryogenicliquids),andliquid-vaporseparation.

Thetemperaturecontrolin certainlocationswhereinternalheatgenerationtakesplace

asaresultof dissipation,asfrom friction orjoulian heatingin electronicequipment,or asa

consequenceof a nuclear or chemicalheat source,may require that this energy be

transportedto other locations of the facility or stored locally for later transport and

elimination. The useof thephasechangesof vaporizationandcondensationto transport

energyhavetheadvantageof accommodatinglargevariationsin heatloadswith relatively

smalltemperaturegradientsandchangesin temperaturelevels,alongwith theeconomical

useof pumpingpower. Energystoragemight beadvantageousfor intermittentprocesses

or for processeswheremomentarysurgescouldnotbeaccommodatedby a steadytransfer
of massto a remotelocation,andalsocouldtakeadvantageof the latentheatassociated

with phasechanges.
A distinctionmustbemadebetweenpoolboiling andflow boiling whenconsidering

applicationsin thespaceenvironmentof microgravity,sincethesetwo processesmayarise

in quite different specific technicalapplications. Pool boiling, for example,would be

importantfor theshorttermcoolingof highpowerelectronicandotherdevices,andfor the

long term spacestorage of cryogens. Flow boiling, on the other hand, occurs in

applicationswhere liquid flow is imposedexternally, suchasin Rankine cycle vapor

generationor in thermalenergymanagementusingpumpedlatentheattransport.

Certaineffectswhichcanbeneglectedatnormalearthgravity,suchassurfacetension

and vapor momentum, can become quite significant at microgravity conditions.

Momentumimpartedto the liquid by the vaporbubbleduringgrowth tendsto draw the

vaporbubble awayfrom the surface,dependingon the rateof growth,which in turn is



governedby the temperaturedistribution of the liquid. Thermocapillaryforces,arising

from thevariationof the liquid-vaporsurfacetensionwith temperature,on theotherhand,

tendto movethevaporbubbletowardtheregionof highertemperature.Thebubblemotion

will begovernedby whichof thesetwo effectsprevail. In addition,thermocapillaryforces

actingatthe liquid-vaporinterfaceof vaporbubblesin contactwith aheatedsurfacecould

actto bringcoolerliquid to theheatersurface,delayingor inhibiting theonsetof dryout,or

promotingandenhancingtherewettingof theheatersurface.

1.2 Objectives of Study

The research as originally proposed was intended to seek to improve the

understanding of the fundamental mechanisms that constitute nucleate pool boiling. The

vehicle for accomplishing this is an investigation, including experiments conducted in

microgravity and coupled with appropriate analyses, of the heat transfer and vapor bubble

dynamics associated with nucleation, bubble growth/collapse and subsequent motion,

considering the interrelations between buoyancy, momentum and surface tension which

will govern the motion of the vapor and surrounding liquid, as a function of the heating rate

at the heat transfer surface and the temperature level and distribution in the bulk liquid.

As will become clear when the results obtained to date are examined below, a more

accurate representation of the objectives would have been a proposal for a general study of

pool boiling in microgravity. The circumstances under which nucleate boiling and what is

generally termed, to this point, film boiling take place with pool boiling in microgravity is

as yet unclear. Both of these processes were observed, sometimes simultaneously, in the

work to be presented here.

An adequate understanding of the mechanisms in any process implies that its behavior

can be predicted in terms of the governing parameters. The behavior here would include

the conditions for the onset of boiling, the dynamics of the vapor bubbles, including both

the number density of active nucleating sites and the frequency of formation, and the

associated heat transfer. Although a considerable amount of research has been conducted

on nucleate boiling over the years, and has been useful with respect to application to

various technologies on earth, the ability to predict its behavior is as yet very limited,

owing to the involvement and interactions of the many parameters. To this now should be

added also the limitations in predicting the onset of dryout or rewetting, whether in earth

gravity or microgravity.

For the basic study proposed and conducted, with results presented here, it was

deemed essential to establish a well-defined "bench mark" which could withstand future

interrogations. The availability of a long period of quiescence prior to the onset of each



test,asa resultof themicrogravityenvironment,meansthatthe initial stateattheonset of

heating and at the onset of boiling (nucleation) will be well-defined. This is not possible in

a gravity field. The availability of relatively long test periods permit the use of

combinations of low heat flux and subcooling that require more time for the inception of

boiling than is available in a drop tower, and also permit the observing of long-term vapor

dynamic behavior following the transient bubble growth.

The components which constitute the nucleate boiling process-nucleation, growth,

motion, collapse (if subcooled) of the vapor bubbles - are common to both pool and flow

boiling. The study here focuses on the fundamental mechanisms of pool boiling only,

under microgravity conditions. This eliminates the complications associated with having an

external flow field superimposed on that generated by growing/collapsing vapor bubbles.

In addition, this eliminates the possibility of having other effects masked by an external

flow field similar to that produced by buoyancy.

In the experiments as conducted, a pool of liquid, initially at a precisely defined

pressure and temperature, is subjected to a step imposed heat flux from a semi-transparent

thin-film heater forming part of one wall of the container such that boiling is initiated and

maintained for a defined period of time at a constant pressure level. Transient

measurements of the heater surface and fluid temperatures near the surface are made, noting

in particular the conditions at the onset of boiling, along with motion photography of the

boiling process in two simultaneous views, from beneath the heating surface and from the

side. The conduct of the experiment and the data acquisitions are completely automated and

self-contained. Three space flights were successfully carried out, with each one consisting

of a total of nine tests at three levels of heat flux and three levels of subcooling.

Following the successful development work conducted during the ground-based

activity under NASA Grant NAG3-663, which included reduced gravity testing in the

evacuated 5 second drop tower at the NASA Lewis Research Center, the results of which

were reported in Ervin and Merte (1991), Ervin et al (1992), and Lee and Merte (1993),

approval was given for a space experiment. An Engineering Model was developed by the

NASA Lewis Research Center for testing the feasibility of incorporating the experimental

concepts described in the Science Requirements Document by Merte (1989) into the space

available in a Get-Away-Special (GAS). Following the successful demonstration of the

operation of the Engineering Model, the construction of a Prototype Version was

undertaken. This proved to operate so successfully with full testing in earth gravity that

when an opportunity for an unexpected early GAS flight came to light a request was made

to fly the Prototype Version. This was justified primarily as an opportunity to further test

the heretofore untried engineering concepts in the facility, and to confirm the camera
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timings which could not be determined in the drop tower testing. The successful

acquisitionof any experimentalmeasurementswas thus viewed to be a bonus. This

experimentflew in the STS-47on September12, 1992,andwasdesignatedasPBE-IA.

Thebasicresultsarepresentedin Merteetal (1994),andareincludedin thepresentreport

for thesakeof completeness,togetherwith additionalmaterialresultingfrom subsequent

analyses.

The Flight Version of the experimentalapparatuswasdesignatedasPBE-IB, and

flew in theSTS-57onJune21, 1993. Subsequentto this, anotheropportunityfor a space

flight with thePrototypeVersionoccurred,whichwasapprovedanddesignatedasPBE-

IC, andtookplacein theSTS-60onFebruary3, 1994.

Theexperimentalparametersin thesethreeflightsareidentical,with differencesonly

in the length of the individual test runs and the timing of the on-off and speedof the

camera,to optimizetheuseof the fixed film length. As will be demonstratedwhenthe

experimentalresultsareexamined,thefortuitousopportunityfor conductingtheseemingly

sameexperiment three times contributes immensely to authenticating someof the

conclusionsreachedto this point. By usingtheidenticalphysicalfacility, asbetweenthe

STS-47(PBE-IA) andSTS-60(PBE-IC), the issueof repeatabilitycould be addressed.

By usingaphysicalfacility with thesamedesignandfabricationtechniques,aswith PBE-

IB onSTS-57,thematterof reproducibilitycouldbeexamined.

1.3 Basic Mechanisms of Pool Boiling

As stated above, consideration of any externally imposed flow field on the boiling

process, termed as forced convection boiling, is explicitly excluded here in order to:

(a) Eliminate an additional complicating variable from an already complex process

at the outset. Pool boiling is the limiting case of forced convection boiling as

the imposed velocity is reduced to zero.

(b) Minimize the possibility that certain weak effects would be overshadowed by

the kinetic energy associated with the imposed bulk liquid flow. The

supposedly weak effects were considered to consist primarily of

thermocapillary and molecular momentum forces.

1.3.1 Nucleate Boiling

Nucleate boiling may be characterized by the following:

(i) A liquid-vapor phase change occurs with the formation of discrete bubbles at

individual sites.



(ii) The energytransferratesarelargewith small temperaturedifferencedriving

potentials.

(iii) Theprocessis inherentlytransient,althoughquasicyclic repetitionsarepossible

with vaporremovalmechanismsacting,suchasbuoyancy.

Beforeanucleatepoolboiling systemcanattainthesteadyperiodicbehaviornormally

observedin agravityfield, wherebuoyancyis thedominantvaporremovalmechanism,the

processmustpassthroughatransientphasereferredto asthenucleation,initiation or onset

of nucleateboiling. Beforeunderstandingthecyclic natureof nucleateboiling, onemust

first understandtheelementsof theinitial transientprocess.

To provideaperspectiveof therelationshipbetweenthestudyconductedhereandthe

overall processeswhich constitutepool boiling, a qualitativephysical descriptionof the

sequenceof eventswhich occur is presented,beginningwith the transientheatingof a

liquid atasolid-liquidinterface.

a. Conduction

With aninitially staticliquid theheattransferprocesscanbedescribedby conduction

aloneuntil buoyancy,thermophorysis,thermocapillarityor other forcessetthe liquid in

motion. Therateof temperatureriseandthetemperaturedistributionsin thisearlyinterval

dependon thenatureof theheatsourceandthedynamicinteractionswith thesystem.The

commonidealizationstakenaslimits in analysesarestepchangesin eithertemperatureor

heatflux at the solid-liquid heaterinterface. The degreeandextent to which the liquid

becomessuperheatedaboveits saturationtemperaturein agiventime dependsonwhether

and by how much the bulk liquid is subcooled. This temperaturedistribution will be

modifiedby theonsetof naturalconvectionorby otherdisturbances.

b. Onsetof Naturalconvection

Naturalconvectionis drivenby buoyancy,andits onsetis describedin termsof an

instability, in whichenervatingdisturbancesarealwayspresent.Reducingthebuoyancy

by reducingthebodyforcessuchasto microgravitydelaystheonsetof theconvectionand

reducestheresultingconvectionvelocities.Bothof theseserveto increasethetemperature

levels in the liquid adjacentto theheatingsurfacefor a givenheatingtime, regardlessof

whetherthebulk liquid is initially saturatedor subcooled.Theliquid temperaturelevels

anddistributionsadjacentto theheatersurfacearethusinfluencedby buoyancy,andin turn

caninfluencethenext two elementsof nucleateboiling: thenucleationandbubblegrowth
rates.
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c. Nucleation

Vaporizationcan takeplaceonly at an existing liquid-vapor interface, which then

constitutes the growth phase of nucleate boiling. If an interface does not exist it must be

formed. The formation of a vapor nucleus is called nucleation, and is classified either

homogeneous or heterogeneous, depending on the presence of other components or species

in the vicinity of the nucleation. The circumstances under which nucleation takes place on a

heated solid surface depends on:

(i) The Heater Surface Microgeometry. This can provide the crevices and

intergranular defects which serve as pre-existing interfaces. The temperature

levels required to activate these pre-existing nuclei have been modeled in

terms of thermodynamic equilibrium at curved liquid-vapor interfaces.

Assuming that the pre-existing interface has the form of a hemisphere of the

size of the surface defect, the liquid superheat required for subsequent bubble

growth can be related to cavity size. The smaller is the cavity, the larger is the

heater surface superheat required for the onset of nucleate boiling, and the

larger will be the bulk liquid temperatures at the onset of the next element of

the boiling process.

(ii)

(iii)

The Solid-Fluid properties. This governs not only the temperature distributions

in both the heater and fluids, related by their respective thermal properties, but

also the surface energy relationships between the solid-liquid-vapor, often

expressed in terms of a contact angle or wettability.

The Liquid Temperature Distribution. This includes the solid-liquid interface

temperature, since this is one spatial limit of the liquid temperature. As

discussed under "b" above, the onset of natural convection governs the

subsequent temperature distributions, as does also the initial imposed heat

flux. Once nucleation has occurred, the subsequent bubble growth rates will

be governed by the bulk liquid temperature distribution at this time.

d. Vapor Bubble Growth/Collapse

Vapor bubble growth requires that the liquid at the liquid-vapor interface be

superheated with respect to the saturation temperature corresponding to the interfacial liquid

pressure. The rate of vapor formation, and hence bubble growth, depends on this

superheat and on the liquid temperature gradient at the interface, and thus on the liquid

temperature distribution at the onset of bubble growth. The interfacial liquid superheat

governs the internal vapor bubble pressure, which acts to move the bulk liquid away from
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thevicinity of theheatersurface. In thedynamicsof the growthprocessthis pressureis

balancedin acomplexmannerby theliquid inertia,liquid viscosity,buoyancy,andsurface

tensions. If the bulk liquid is subcooled,the pressuredifferencecan reversewith the

subsequentcollapse of the vapor bubble. The various forces acting in the bubble

growth/collapsecanbesummarized:

(i) Internal Bubble Pressure. This is governed by the liquid temperature

distribution,which in turn is influencebybuoyancy.

(ii) Liquid Momentum.This is sometimesreferredto asbulk liquid inertia.

(iii) Buoyancy. The pressuredifferencesassociatedwith the liquid-vapor density

differencesin abody forcefield act in additionto thosenaturalconvection

effectswhich influencetheliquid temperaturedistribution.

(iv) SurfaceTension. This includesboththatoccurringat the liquid-vaporinterface

andattheliquid-solid-vaporinterline.

(v) Viscosity. This refers primarily to the liquid viscosityactingin thevicinity of

the solid surface,but could includethe viscousnormal shearat the liquid-

vaporinterfaceawayfrom thesolidsurfacein circumstanceswheretheradial

growthrate is very large. Vapor viscositycould alsobea factor during the

veryearlyperiodswhensurfaceratesof vaporformationarelarge.

Sincethe liquid-vapor interfaceis deformable,the interfacial shapeduring growth

will be governedby the net balanceof the dynamicforcesacting at eachpoint on the

interface,andtheinterfacewill notnecessarilybesphericalor hemispherical,ashasbeen

assumedin theabsenceof capabilitiesfor dealingwith flexible interfaces.

e. Departure
The subsequentmotion of thevaporbubbledependson thenet effectof theforces

listed in "d" above,plus a phenomenaassociatedwith simultaneousevaporationand

condensationacrossavaporbubble,referredto asamolecularmomentumeffect. This is

relatedto themolecularkinetic energynecessaryfor vapormoleculesto escapeor to be

retainedat a liquid-vapor interface. With thermodynamicequilibrium the net rate of

evaporationandcondensationis zero,but the normalnucleateboiling processis highly

non-equilibrium.Thenetresultingmolecularmomentumforcesaregenerallyunobservable

in thepresenceof theoverwhelmingbody andotherforceswhichusuallyexist. Thebulk

liquid momentuminducedby therapidbubblegrowthcanactto assistin theremovalof the

bubblefrom theheatersurface. In microgravity,of course,buoyancyeffectsarereduced

significantly.
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f. Motion FollowingDeparture
If thecircumstancesof theforcesactingon thevaporbubblearesuchthatdeparture

takesplace,thesubsequentmotiondependson thefollowing:

(i) Buoyancy

(ii) Initial velocity upondeparture.This velocity inducesmomentumin the bulk

liquid,whichmustbeconsidered,andcantendto acceleratethevaporbubble

if collapsetakesplace,orwill deceleratethebubbleif it grows.

(iii) Degreeanddistributionof liquid superheatand/orsubcooling. Thebulk liquid

temperaturedistribution can act via the liquid-vapor surface tension or

Marangoni-inducedeffects,via thebulk liquid momentumeffectsassociated

with growthor collapse,togetherwith liquid viscosity,andvia themolecular

momentumeffects. In microgravity conditions, only buoyancywill be

changed,exceptfor its moreindirectinfluenceon thebulk liquid temperature
distribution.

1.3.2 Dryout (Film Boiling in Earth Gravity)

Nucleate boiling can take place only in circumstances where the liquid substantially

wets the heater surface. This entails two implications. First, the liquid itself must be

inherently wetting on the heater surface. As observed and discussed by Merte (1967), it is

well known, for example, that mercury is generally non-wetting except for materials with

which it forms amalgams. For the operation of power generation plants with mercury

boilers it was necessary to add traces of Magnesium and Titanium to the mercury to

promote wetting and nucleate boiling in the boiler tubes. The second implication is that the

vapor generation rate and hence the heat flux level is not sufficiently high to reach the

critical heat flux, sometimes referred to as the first boiling crisis, the nucleate boiling

maximum heat flux, or the burnout heat flux. A specific heater surface temperature is

generally related to this heat flux, and if the heater surface temperature exceeds this level a

decrease in the heat transfer rate takes place, hence the term maximum heat flux. This

decrease takes place because of a progressive increase in the dryout of the surface until the

liquid is no longer in contact with the heater surface. This condition is then referred to as

film boiling, since in the buoyancy of earth gravity the vapor takes on the form of a thin

vapor film or boundary layer in contact with the heater, and departure of the vapor from the

vicinity of the heater occurs in various ways depending on the heater surface configuration

and orientation relative to gravity. The minimum heater surface temperature at which film

boiling can be sustained at its corresponding heat flux is referred to as the minimum film

boiling heat flux, the Leidenfrost point, or the second boiling crisis.



Theso-calledtransitionboiling regionbetweenthefirst andsecondboiling crisescan

beconsideredasa spatiallyaveragedcombinationof nucleateboiling andfilm boiling, in

which the fractionalproportion of film boiling or dryout changesfrom 0 to 1over this

domain. This perspectiveneglectsthecontributionsof dry areasunderindividual bubbles
at the individual nucleationsites. In the presentwork, the useof the transparentheater

surfacepermitsthe direct viewing andassessmentof the relativeproportionsof the dry

areason theheatersurface.Theprocessesof thefirst andsecondboiling crises,including

the transitionboiling regimebetween,canbegenericallydesignatedby a single term as

dryoutor wetting,dependingon thedirectionin whichthis inherentlytransientor dynamic

processis taking place. It appearsthat the circumstancesof operationin the transition

regiontakingplaceduringpoolboiling in microgravityareconsiderablylesswell-defined

thanin earthgravity,andcouldbe thesubjectof furtherstudies.

2. EXPERIMENTAL CONCEPTS AND PARAMETERS

The basic study conducted here is intended to assist in extending the understanding of

the mechanisms of nucleate pool boiling. Because of the complexity associated with the

conduct of research in a microgravity environment it is essential to establish a well defined

"bench mark" which will not require repeating, insofar as is practicable in view of present

understandings. The availability of a reasonably long period of quiescence prior to the

onset of each test means that the initial state at the onset of heating and at the onset of

boiling (nucleation) can be well-defined. The availability of relatively long test periods for

each run, with a maximum value of 2 minutes selected as representing a compromise,

permits the combinations of low heat flux and subcooling that require more than the 5

seconds previously available in a drop tower for the inception of boiling, and also permits

the observing of long-term vapor dynamic behavior following the transient bubble growth.

Although the experiment as conducted is quite specific and well defined, it is also

exploratory in nature, and has the potential for relatively fast turn-around with follow-on

experiments.

The elements of nucleate boiling for which research conducted under microgravity

would advance the basic understanding are stated in brief here:

(i) Nucleation or onset of boiling. Indications are that both heater surface temperature

and temperature distribution in the liquid are necessary to describe nucleation, in

addition to the character of the heater surface itself.
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(ii) Thedynamicgrowth of avaporbubblein thevicinity of the heater surface. This

includes the shape as well as motion of the liquid-vapor interface as growth is

taking place. These are influenced by the liquid temperature distribution at the

initiation of growth.

(iii) The subsequent behavior of the vapor bubble. This includes the motion, whether

departure takes place or not, and the associated heat transfer.

Each of the specific features of the experiment were selected so as to provide data

which will be consistent with and maximize the objectives of improving the basic

understanding embodied in these elements. These features are described individually

below.

2.1 Geometry_ and Configuration

(a) Pool boiling. This eliminates the complications associated with having an external

flow field superimposed on that generated by a growing/collapsing vapor bubble.

(b) Large flat heater surface. A flat surface avoids poorly defined local surface tension

effects associated with curved interfaces, and with a transparent substrate can

permit viewing from beneath the heater surface. A size as large as possible

consistent with other constraints is desirable in order to minimize edge effects, and

to permit a reasonable degree of axial symmetry of the vapor bubble as it grows to

a quasi-steady condition. Additional considerations associated with large flat

heater surfaces are:

(i) With heating from curved surfaces, different liquid flow patterns will

occur during bubble growth depending on whether the liquid is on the

convex or concave side.

(ii) With flat surfaces, which may also be approximations of curved surfaces,

the orientation with respect to the body force vector will affect the flow

behavior, down to some (as yet) unknown body force level.

(iii) The fluid motion with large surfaces will differ depending on whether the

surface is heated uniformly or locally.
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Onefurtherfacetof vaporbubblenucleationandgrowthasinfluencedby surface

tensionandrelatedto geometrycanbementionedhere. The superheatthat the

liquid acquiresin the boundary layer adjacentto the heater surfacecan be

considerable,prior to nucleation.It is thuspossiblefor thevaporformedinitially

to completelyenvelopetheheatersurface.With certainconfigurationssuchas

smallwiresor cylindersit is possiblethatsubsequentsurfacetensioneffectswill

maintaina stable"pseudo"film boiling processonly becauseof theparticular

geometryused. It is expectedthat evenif film boiling becomessuppressedto
nucleateboiling on asmallwire or cylinder,thermocapillaryandsurfacetension

effects and the resulting heat transfer will be quite different than with flat

surfaces.Observationsmadeby Weinzierl andStraub(1982)that pool nucleate

boiling is uninfluencedby changesfromearthgravityto microgravityarebelieved

to be a result of the large surfacetensioneffectsassociatedwith thefine wire

used,sothatbuoyancyis indeedrelativelyunimportant.

(c) Transparent heater surface. This permits the observation of the detailed behavior

of the boiling process from beneath the heating surface, including rewetting of the

heater surface and possibly the microlayer behavior, without distortions due to

intervening liquid-vapor interfaces. The transparent surface also permits viewing

of the behavior of the liquid-vapor interfaces simultaneously from the side and

from under the heater surface, providing details of behavior otherwise not

observable.

(d) Thin-film heater. Using the technique of a thin gold film as a simultaneous heater

and resistance thermometer provides a well-defined heat flux and temperature at a

precise location, as well as a transparent heater surface.

2.2 Fluid

The fluid to be boiled must be non-conducting at present. The fluid is in direct

contact with the electrical resistance heat source, and a conducting fluid such as water

would quickly destroy the thin film surface. For energy conservation in the conduct of the

experiment and convenience in comparing results with ground tests it is desirable that the

fluid have a boiling point in the vicinity of earth ambient temperatures at near atmospheric

pressures. It is further desirable that the fluid used initially have wetting characteristics

with the heater surface such that the contact angle is relatively small, in order to evaluate
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fluids expectedto be early candidatesfor spaceuse,suchas cryogenic liquids. The

fluorocarbonR-113meetstheserequirements,andits propertiesarewell established.

2.3 Controlled Variables:

(a) Pressure. This defines the liquid saturation temperature, and maintaining

it constant keeps the temperature at the liquid-vapor interface constant at

the saturation level during the transient process. The pressure level also

defines the initial liquid subcooling.

(b) Initial uniform temperature in the bulk liquid. This permits the precise

calculation of the temperature distribution in the liquid at the onset of

boiling, in the absence of buoyancy.

(c) Step change in a uniform heat flux. This permits the ready computation of

the temperature distribution in the liquid at the point of nucleation. A

constant imposed heat flux provides a well-defined temperature gradient in

the liquid at the heat transfer surface. Additionally, it is possible to

construct all other desired functional behaviors in heat flux from

combinations of step changes.

(d) Length of test. Each individual test should be as long as possible

consistent with compromises arising between the internal volume of the

test vessel, heater surface size and heat flux, so that a reasonably quasi-

static condition can be attained when the early dynamic growth transients

are completed. Additionally, certain liquid temperature distributions at the

time of nucleation will only be possible with low levels of heat flux,

which will require relatively long test periods to achieve nucleation.

Independent control of the initial liquid subcooling and imposed heat flux

permit the independent variation of the transient temperature distribution in

the liquid.

2.4 Measured Parameters:

(a) Bulk liquid temperature distribution. This is necessary to be assured of

the uniformity of the initial temperatures.
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(b) Transienttemperatureof the thin film heatersurface. During the non-

boiling phase,this servesasan indication of the presence/absenceof
naturalconvectioneffects.Duringtheboiling phasethisprovidesameans

for computingthenetmeanheatflux to theboiling fluid. It alsoprovides
ameasureof theeffectivenessof theboilingheattransferprocess.

(c) Local system acceleration. This is necessary to assess the

presence/absence of uncontrolled acceleration forces acting on the

experimental vessel.

(d) Precision current/voltage drops across the thin film electrical heater. This

permits computation of the heater resistance and hence mean heater

surface temperature, as well as the heat flux.

(e) Photography. This enables the determination of the time interval between

the onset of heating and boiling, along with the transient growth of the

vapor bubble and its subsequent motion, as a function of the initial liquid

temperature distribution, governed by the heat flux and initial liquid

subcooling.

The specific technical requirements for the experiment, taken from the Science

Requirements Document, are listed in Table I. These are identical for each of the three

flights, and were attained in each of the experiments.

The vapor-pressure equation and coefficients used for the R- 113 are given in Table

II. The commercial R- 113 was purified and degassed by distillation, filtering, and freezing

under a vacuum on stainless steel fins cooled to liquid nitrogen temperatures. The

apparatus used is shown schematically in Figure 2.1. The distillation was repeated, and

followed by measurement of the vapor-pressure under equilibrium conditions. The R-113

was deemed to be adequately degassed when the measured vapor-pressure corresponded to

that given by the equation in Appendix B to within + 0.025 psia for temperatures measured

to within a calibrated accuracy of + 0.1 °F in the laboratory.

The Resistance m Temperature relationship for the heater surface was determined by

calibration over the anticipated temperature operating range prior to installation in the

experiment test vessel. Prior experience had demonstrated that a linear relationship was

entirely adequate. Although maximum laboratory absolute measurement uncertainties of

+ I°F (+ 0.6°C) in the mean heater surface temperatures were attained, these were increased

to + 3°F (+ 1.7°C) for the space experiments. However, instrumentation equipment
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sensitivitieswere requestedto detectchangesin heatersurfacetemperaturesof + I°F

(+ 0.6°C), if not the absolute uncertainty. To reduce the uncertainties, a single point

calibration was conducted prior to each test run of the test matrix, using the prevailing

equilibrium system temperature as an anchor point of the linear calibration curve. A post-

flight calibration was conducted of the prototype version following the STS-60 (PBE-IC),

and included the calibration of the power supply measurements simultaneously. Although

a total shift of 10.4°F (5.8°C) took place since the pre-flight calibration for the STS-47

(PBE-IA), the change in the R-T slope was negligibly small, and the shift was

compensated by the procedure of a single-point calibration prior to each Run.
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Table I.

Specific Technical Requirements

Parameter

Test Fluid

Heating Surfaces

Test Heat Flux

Test Chamber

Temperature Uniformity

Nominal Test Temperature

Pressure Control

Heater Power

Temperature Sensor

Data Requirements
Heater V & I

Temperatures
Pressure

Acceleration (3 Axis)

Data Requirements

Photography

Clock

Requirement

Fluorocarbon R- 113

19.05 mm x 38.1 mm (3/4" x 1-1/2" Gold on Quartz

(7.25 cm 2) Nominal thickness corresponding to a

resistance of 3.8 + 0.2 ohms (Approximately 400

Angstroms), uniform to + 5% desired.

2 watts/cm 2 14.5 watts

4 watts/cm 2 29.0 watts

8 watts/cm 2 58.0 watts

15.2 cm (6") Dia. x 10.2 cm (4") High

+ 0.22°C (+ 0.4°F)

48.9°C (120°F)

+690 N/m 2 (+0.1psi)

Constant voltage + 1%. Heater calibration current
should not raise heater temperature more than 0.11 °C
(0.2°F).

12 Sensor Locations

3 Vicinity of each Heater Surface
3 in Bulk Liquid
2 on the Rear of Heater Substrate

1 in surrounding area behind substrate.

V, I, Time... (19 parameters).
+ 0.1% Meas. Accuracy, but with a sensitivity of
+ 0.03% x a full scale.

+ 0.06°C (+ 0.1 °F) Meas. Accuracy

+ 345 N/m 2- (+ 0.05 psi) Meas. Accuracy.

Levels less than 10-3g desired.
Time correlated to experimental elapsed time

Sample Rate 10 Hz

Accuracy + 10 -4

Range 10 -2 thru 10 .4 g
Frequency D.C. thru 2.5 Hz

100 pps, 10 pps, 0.18 mm (0.007") Resolution

Nearest 0.01 Sec. Elapsed Time
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_np

where:

Table II.

Coefficients for the Vapor-Pressure Curve for R-113

(From Mastroianni et al, 1978)

= A+__+CT+DT2+(E ) (F TT) [£n(F-T)]

p = pressure = psia

T = Temperature in °R = °F + 459.67

A = + 23.428348

B = - 9095.6033

C = - 0.012548607

D = +5.3391227 x 10-6

E = + 0.14025795

F = + 878.48416

gn x = Natural logarithm of argument x.
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3. HARDWARE DESCRIPTION

3.1 Heater Surface

A sketch of the transparent gold film heater is shown in Figure 3.1. Two separate

heaters are mounted on each surface, identified as the primary and backup heaters, and

configured so that should the primary heater fail the backup heater is automatically activated

for the next test run of the matrix. A nominal film thickness of 400 Angstroms in the

central heater section of size 0.75" x 1.50" (19.1 mm × 38.1 mm) corresponds to a

nominal resistance of 3.8 ohms, and provides the desired transparency for viewing the

boiling process from beneath. Power to the heater is provided by Silver-Zinc batteries, and

the voltage is controlled, with the voltage drops across the potential taps and the calibrated

shunt resistor (for the current measurement) stored in the data acquisition system. The

instantaneous heat flux input and the mean heater surface temperature are computed from

the voltage drop across the potential tap and the current.

The primary heater was used in both the PBE-IA and -IC (STS-47 and -60), while

the backup heater was used from the onset in the PBE-IB (STS-57) because of the presence

of a persistent premature nucleation site on the primary heater, observed during pre-flight

testing.

Calibration of both the primary and backup heaters took place prior to installation in

the test vessel over temperature ranges of 66°F to 152°F (18.9°C to 66.7°C). Only the

heaters used in the flight experiments were calibrated following the completion of the

experiment. The electrical resistance m temperature follows a linear relationship within

+ I°F (+ 0.6°C), well within the precision tolerances specified.

A slope-- intercept equation of the form:

__ m

T =A+B×R (3.1)

is used to compute the mean heater surface temperature T from the mean resistance R

measured. The coefficient B is the slope, while A is the intercept at R = O. A single-point

calibration is conducted just prior to each Run of the test matrix, using the bulk liquid

temperature measured with a calibrated thermister in the immediate vicinity of the heater

surface, 1 mm away. This is used to modify the coefficient A for each Run, using an

appropriate value of B, which generally was found to change relatively little with a suitably

aged heater surface. The surfaces were calibrated again over the temperature range

following the experiments, and a new value of B obtained. The single-point calibration

procedure significantly reduces the effects of any large changes in B taking place over a
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periodof time. Thevaluesof A andB for eachof theexperimentsaregivenin TableIII
below. It is notedthat asignificantchangetookplacein thecoefficientB for theBackup

Heaterin thePBE-IB. This wasa consequenceof insufficient operationwith this heater

prior to thespaceexperiment,andsothepost-flightvalueof B wasusedfor datareduction.
It wasdeterminedthat adifferenceof only 1.5°F(0.8°C)existedbetweenthesinglepoint

calibrationandthepost-flightcalibrationvalues.
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Table HI. Heater Surface Calibration Coefficients

PBE-IA (STS-47)

Pre-Flight 2/13/92

Primary_ Backup

A(°F) - 1306.46 - 1375.72

B(°F/ohm) 402.065 404.876

PBE-IC (STS-60)

Post-Flight 9/20/94

A(°F) -1305.84

B(°F/ohm) 403.882

PBE-IB (STS-57)

Pre-Flight

A(°F)

B(°F/ohm)

- 1489.44

460.635

PBE-IB (STS-57)

Post-Flight

A(°D

B(°F/ohm)

1356.92

427.32
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3.2 Test Vessel

A schematic of the test vessel is shown in Figure 3.2, together with the hardware

concepts necessary to provide a constant pressure and an initially uniform fluid temperature

during each Run. Although the stirrer was intended to be activated only between the

various runs of the matrix in order to promote the uniformity of temperature of the fluid, it

was also activated toward the end of several runs so as to observe its influence on the vapor

bubbles and, in some cases, on the heat transfer.

Figure 3.3 shows the locations of the various sensors used to determine the behavior

of the boiling process. PRHV and PRHI are the primary heater voltage taps and current

readings, while BRHV and BRHI are the respective values for the back up heater, when

used. TM01--TM03 and TM07mTM09 are thermistors above the primary and back up

heaters to measure the respective fluid temperatures, at locations 1 mm, 5 mm, and 10 mm

above the center of each heater. The thermister beads have a maximum diameter of 0.6

mm, and are stated by the manufacturer as having a time constant of 23 msec when plunged

into water. The respective locations of TM04--TM05---TM06 are given in Figure 3.4 as

A, B and C, and are provided to check the uniformity of fluid temperatures prior to the

beginning of each Run.

Thermistors TM12 and TM11 are cemented to the quartz substrate on the side

opposite the gold film, at the center of the primary and back up heaters, respectively, while

TMI3 is in the canister air space very near the quartz substrate backside.

Figure 3.5 gives the relative locations of the internal components of the test vessel,

including the viewing and lighting windows. The lighting is diffused internally for

maximum clarity. The maximum internal dimensions of the R- 113 chamber are also given,

as 14.48 cm diameter by 11.5 cm long, which implies that the maximum diameter of a

vapor bubble that can be accommodated without pressing on the heater surface is about 12

cm.

Figures 3.6 and 3.7 present the side and front views of the entire system components

within the GAS canister, with the optical path followed to the 16 mm camera, which has a

400 ft. film capacity. This gives a total of approximately 18,000 frames, which must be

budgeted among the various Runs.

3.3 Accelerometer System

A space Acceleration Measurement System (SAMS) type trixial accelerometer head is

included in the payload, shown in Figure 3.7. This provides acceleration data in the direct

vicinity of the test chamber. The use of an internal accelerometer also eliminates the need to

correlate experiment data with a remote acceleration measurement system. Three Sunstrand
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QA2000-030accelerometersareused.Themanufacturerresolutionspecificationfor this

modelis 1 micro-g,andtheaccuracyis given as+100 micro-g, found by using the root

sum of squares of the various stabilities (thermal, shock and time).

A typical correlation between the accelerometer outputs and the local and vehicle

coordinates is given in Figures 3.8 and 3.9, for PBE-IA on the STS-47. The upper right

view in Figure 3.9 is taken through the heater surface, viewed from left to right in the right

side of Figure 3.5, while the upper left view is taken from the side, viewed from the

bottom side of Figure 3.5.

3.4 Optical System

The views in the upper part of Figure 3.9 are obtained by combining the images, as

illustrated in Figure 3.6. Also within the camera field of view, seen in Figure 3.9 are LED

timing lights for synchronization with the Data Acquisition Unit. The binary code used for

time is given in Figure 3.10.
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PBE/&"TS AXIS TRANSLATION

SED-P_E-DOC-028

PBE STS SAMS
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+Z signal indicates that acceleration

is in direction indicated above.

e.g., - this decreases buoyancy moving

vapor bubble _ from heater,
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towed heater.
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Figure 3.8. Typical correlation between coordinates of the PBE accelerometer and SAMS
STS units. Above applies to PBE-IA (STS-47).
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Acceleration coordinate for the space experiment

* The above figure shows both side view in left hand side and bottom view in right hand

side.

Figure 3.9. Correlation between PBE-1A accelerometer and photographic view on STS-47.

Primary heater in use on left side.
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4. TEST MATRICES

The test matrices followed for the PBE-IA -IB -IC on the STS-47 -57 -60 are given

as Tables IV - VI, respectively, below. The nominal levels of heat flux input (in w/cm 2)

and the initial bulk liquid subcooling (in °F) are given for each Test Run, followed by the

timing sequences used. The test is initiated with the heater power at 10 seconds. The

camera is operated at the maximum speed of 100 pps in the time domain when nucleation is

expected to occur in microgravity, based on the prior drop tower testing and extrapolations,

and then followed by operation at 10 pps during the remainder of each Experiment Run.

The total number of frames in a 400 ft. roll of 16 mm film is approximately 18,000, so

careful consideration was given as to how these were divided amount the various Runs in

order to maximize the opportunities for new knowledge.

The times for the maximum camera speed of 100 pps are identical in PBE-IA and -IB

(STS-47 and 57), as noted in Tables IV and V. The early bubble growth following

nucleation was not captured at 100 pps for Run No. 5 of PBE-IA, with nucleation

occurring at t* = 26.15 sec., while the 100 pps took place during the 15 - 25 sec. interval,

nor was it captured in Run No. 9, with t* = 51.48 sec, while the 100 pps. took place

during the 30 - 50 sec. interval. The early bubble growth was missed in two Runs of PBE-

IB (STS-57): In Run No. 2 t* = 25.71 sec. (100 pps camera speed at 15 - 25 sec.) and in

Run No. 6 t* = 58.36 sec. (100 pps camera speed at 30 - 50 sec.). No nucleation took

place in Run No. 9 of PBE-IB because of the inability to repressurize the vessel

sufficiently, following Run No. 8, to condense the vapor formed. The timing of the fast

camera speeds were readjusted for Run Nos. 5 and 9 of PBE-IC (STS-60), which used the

same facility as for PBE-IA, in which the nucleation was not captured at the 100 pps for

these Runs. The early bubble growths nevertheless were missed in three Runs of PBE-IC

(STS-60): In Run No. 2 t* = 30.85 sec. (100 pps camera speed at 15 - 25 sec.), in Run

No. 3 t* = 50.17 sec. (100 pps camera speed at 30 - 50 sec.), and in Run No. 5 t* = 19.60

sec (100 pps camera speed at 20 - 30 sec). All of the nucleation misses took place in Run

Nos. 2, 3, 5, 6 and 9, with one each in Runs 3, 6 and 9. These latter three operated at the

lowest heat flux level used. However, the most variability in nucleation times took place

with Run Nos. 2 and 5, with a total of four misses in the three space flights. These happen

to operate at the intermediate level of heat flux used, and this variability is related to the

variability of what is termed the homogeneous nucleation taking place in the vicinity of the

heater surface. This phenomena will be described in detail later.

The stirrer was activated in a number of cases near the end of the Runs in order to

determine the influences of the relatively weak random liquid motion on the vapor bubble
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behaviorin microgravity,initially attachedto theheatersurface.Qualitativeeffectson the

heattransferwerealso obtained. For Runswith subcooledliquids, the stirrer operation

producedrapid condensationof the vapor bubbles,which otherwisepersistedfor long

periodsof timebecauseof thelow thermalconductivityof R-113.

Therepressurizationtakingplacewith initially saturatedliquid casein runNo. 7 was

plannedin orderto obtaindatafor vaporbubblecollapsein microgravity. However,from

resultsof PBE-IA and-IB (STS-47and-57), it wasobservedthatif too muchvaporwas

initially present,the collapseprocessbecamechaotic; surfacetensionforces were not

sufficient to providea reasonablysmoothsinglevapor bubble. In the last experiment,

PBE-IC (STS-60),the heater-ontime was reducedto 5 secondsfollowed by a settling

periodof 5 seconds,atwhichtimethepressurizationprocesswasinitiated,takingatotalof

6 secondsto the new steadypressurelevel. This produceda reasonablywell-defined

collapsingvaporbubble,andtheresultswill begivenbelow.

Both pre flight andpost flight groundtestswereconductedconformingto thetest

matrixwith theheatersurfacein theinvertedposition,at a/g= -1, in orderto confirm that

thesystemoperatedreproduciblyfollowing thespaceflight. A postflight groundtestwas

alsoconductedat a/g= +1, whenpractical,in orderto providenormalgravityboiling data,

if suchtook place,with which to comparethemicrogravityboiling behavior. Resultsof

both thepre-flight andpost-flightgroundtestsat a/g= -1 for PBE-IA (STS)-47aregiven

in Merteet al (1994). Exceptfor thenucleationdataata/g= -1, which areincludedin the

presentreport,anyotherscientificdatawasdeemedto beminimal andnootherresultsfor

a/g= -1 aregivenherein. Post-flightexperimentalresultsat a/g= +1wereobtainedonly

for PBE-IA and -IC (STS-47and -60), the prototypeversion, and are included in the

Appendix.

35



,flu

[- .._

.±

r.) "_"
u.l

__< ' _'' , __

I I o I

©

o

0
_D

@

+1 +1 +1 +1 +1 +1 +1 +1 -i"i

@

"I",

[-.,

@

<

[,,T,,)

[....,

Z

Z

36



I I I I I I wurl I I

0

oo
+1 +1 -I-I -H +1 -14 +1 +1 +1

¢q
Oh

.0

¢) ¢)

._

U_

v'l

0

_o

¢)

u_

_ o'1 '_" v'_ _0 _ 0o O_

37



|

r._

r._

IJ

"1EZ

r._

r_

t,,=,

©
[.-,

r.4

[..-,

u..,

[....,
[., ,-,rj
r_

U3

[.-,
rJ

[-.,

[...-,
0'3 ......

t¢3

6 ,F-,
_,.,,,=,qI

I I I I
C _ _ 0 0

_ •

©

_i 0 0 u_

I I _ I I
¢4

©
©

,5 , , ,5 ,A

rq ¸ _ o-1 o,i ',o
I I I I '

0 0 0 u'3 {_,

tt'3

¢q tt3

¢'..I

o

I I 6 6_0 0 ,_.,

,,.-, _ _ _-

o o o o o ,5

¢4 ¢'4 _ ,_,, ,,_, ..,., 0 _ 0

+1 +1 +1 +1 +1 +1 +1 +1 +1

,:-4 _ e,i o ,5 ,5

o _
.o

-,I,.-, ;:>

U:;

£
£

,::5

&

0

r..)

;>

z d
Z

38



5. EXPERIMENTAL RESULTS

5.1 Measured Parameters

5.1.1 Internal to Test Vessel

Table VII gives the parameters as measured for each of the Runs of PBE-IA during

the pre- and post- flight tests at a/g = -1 and a/g = + 1, and during the STS-47 Space Flight.

These are identified in each Run No. by the date conducted and the orientation. Following

this are the nominal and actual levels of input heat flux, followed by the nominal and actual

initial bulk liquid subcooling. The initial bulk liquid temperature is virtually constant, and

the subcooling is changed by varying the system pressure, which changes the saturation

temperature, as indicated in the succeeding columns of Table VII. Tw, Tsup and t* are the

mean heater surface temperature, the mean heater surface superheat, and the time interval

from the onset of heating that nucleation or the onset of boiling takes place, respectively.

The last column gives the high speed camera on-off times relative to the heater power on.

Tables VIII and IX give the measured parameters for each of the Runs corresponding

to PBE-IB (STS-57) and PBE-IC (STS-60), respectively. Details of the measurements

are given in Appendices A, B, C for PBE-IA, -IB, -IC, on the STS-47, -57, -60,

respectively, and Tables VII - IX are repeated therein for convenience.
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5.1.2 Accelerometer

Tables X - XII list a summaries of the relatively larger acceleration excursions

measured during each of the Runs in the PBE-IA, -IB, -IC of STS-47, -57, and -60,

respectively. The accelerometer units here are given as micro-g's, and the heating for each

Run begins at 10 seconds. The larger excursions are indicated in bold type, and no

consistent observable effects were noted at these times in the boiling process either in the

vapor bubble boiling behavior from the motion picture films, or in the heat transfer

behavior as might be reflected in the heater surface temperature measurements. The

interface motions during boiling are reasonably intense, and the relatively large surface

tensions acting are believed to mask influences of these residual acceleration levels, having

maximum values on the order of 0.5 milli-g's.

The accelerometer measurements from which the data in Table X were extracted are

plotted as functions of time for each Run, and are given in Appendix C of Merte et al

(1994). Any deviations from the background least reading of +1, as indicated by the term

noise levels in Tables X - XII, were recorded.

The effect of the larger excursions could be detected only in special circumstances

where a particular sensitivity to buoyancy exits. An example will be noted in PBE-IC

(STS-60) Run No. 4 at about 30 seconds, where substantial dryout of the heater surface

existed. A sustained acceleration of about 0.25 mg for 2 - 3 sec. in the X direction of

Figure 3.9 produces a small dip in the measured mean heater surface temperature, which

results in an increase in the computed mean heater surface heat transfer coefficient of about

25%, from h = 200 to h = 250 w/m2K. Another example arises in PBE-IC (STS-60) Run

No. 8, during the single phase transient heating process. At about 16 sec. a disturbance of

about 0.3 mg perpendicular to the heating surface for approximately 2 seconds induces a

slight amount of natural convection, which is reflected in both the mean surface temperature

and in the computed heat transfer coefficient. These observations appear to be reasonably

consistent with the tolerable residual accelerations defined in Figure 6 of Monti et al (1987),

which gives acceleration levels as a function of frequency for a fluid physics experiment

involving a temperature gradient.
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5.2 Results

5.2.1 Canister Ambient

Figure 5.1 presents the output of a thermistor mounted on one of the structural

members of the PBE-IA, following liftoff of the STS-47. The disturbances initiated by the

onset of each of the nine (9) Runs in the test matrix is clearly discernible. The general

increase in temperature during and following the tests is a consequence of heating the

R-113 to its nominal 120°F (48.9°C) operating temperature level. Figure 5.1 is also

representative of the behavior of PBE-IB and -IC.

5.2.2 Test Matrix Results Organization

The experimental data, including representative photographic views from the films,

for each of the nine (9) Runs of PBE-IA, -IB, -IC conducted in the microgravity of space

on the STS-47, -57, -60 are given, respectively, in Appendices A, B, and C. The

organization of these three (3) Appendices are parallel with respect to the Figure Numbers,

Titles and Subjects treated, so the contents of only Appendix A will be described in some

detail here. Comments on the behavior and special differences observed in the experiments

will be deferred to the following discussion section.

The test matrix, measured parameters and summary of relatively large acceleration

excursions are repeated in Appendix A as Tables A-I, A-II and A-III, respectively, for

convenience in reviewing the results.

Each of the Figures A-1 through A - 6 and A - 9 through A - 13 are subdivided as

a - i, corresponding to Run Nos. 1 - 9, and follow the sequences of Tables A-I, A-II,

A-III.

Figures A-1 a--A-1 i include the measured mean heater surface temperature and the

heat transfer coefficient computed from a one-dimensional finite difference procedure in the

quartz substrate, using the measured surface temperature as a boundary condition. Cubic

splines are fitted through successive data points to provide interpolation between the

measured points. The procedure is described by Merte (1992). During the conduction

phase of heating the heat transfer coefficient is defined in terms of the difference between

the heater surface temperature and the initial temperature. This permits a comparison with

the well-known analytical solution of conduction in two semi-infinite solids with a step

input in heat flux at the plane between the two solids. This is shown by the labeled dotted

curves in Figures A-la - A-li. Once motion takes place in the fluid, comparison with the

analytic conduction solution is no longer appropriate. However, it is included in all such

plots in order to provide a reference. It becomes obvious that deviations from the one-
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dimensionalconductionbehaviortakesplacebecauseof thefinite lateralheaterdimensions.
This issue will be addressedbelow. Once nucleation takesplace the heat transfer

coefficientisappropriatelydefinedin termsof thedifferencebetweenthemeasuredheater

surfacetemperatureandtheliquid saturationtemperature.

FiguresA-2a-- A-2i showthetemporalvariationof the input heatflux to the thin

gold film. The changesmeasuredarea consequenceof the increasein resistanceof the

gold film asit is heated,with the imposedvoltagebeingcontrolledto remainessentially
constant.This variationis relativelysmall,exceptwhensubstantialheatersurfacedryout

takesplace, and it was not deemedworthwhile to control the power input to remain

constant.

Themeasuredsystempressuresareplottedin FiguresA-3a- A-3i, alongwith the

heatflux to thefluid ascomputedfrom themeasuredpowerinput andtheheatflux to the

substrate,computedin turnfrom themeasuredheatersurfacetemperature.This parameter
makesit convenientto determinewhensteady-stateconditionsarereached,sincetheheat

flux to the fluid becomesequalto theheatflux inputto thefilm heater.This conditionis
almostattainedin Run Nos.2, 3, 6 and9. In somecasespressurespikesareobservedat

themomentof nucleation,associatedwith therapidformationof vaporbeforethepressure

control systemcan respond. The relatively low samplerate of 10Hz for pressureis

responsiblefor the seeminglyrandomsensingof thesepressurespikes. Figure A-3g
showstheincreasein pressureplannedwhile thecamerawasrunningwith the intentionof

obtainingmeasurementsof a singlevaporbubblecollapse.Thiswassuccessfulonly with

PBE-IC. Thepressureincreasesneartheendsof someRuns,asin FiguresA-3h andA-3i,

aredueto thepressurecontrolbellowsreachingthestopsatthemaximumlimit of volume.

FiguresA-4a- A-4i give thefluid temperaturesabovethe activeprimary heater,
labeledTM01, TM02 andTM03, at distancesof 1mm,5 mm and10mmabovetheheater

surface,as indicatedin Figures3.3 and 3.4. The lower plot showsTM04, TM05 and

TM06, thebulk liquid temperaturesat thevariousdistancesindicatedabovethe heater

surfaces,aroundtheperimeterasgivenin Figures3.3and3.4. Themeasuredmeanheater

surfacetemperatureis includedat thetopin orderto providetemporalreferencemarksfor

thevarioustemperaturesmeasured.Themeasuredfluid temperaturesprovideanindication

asto theuniformity of temperatureof thebeginningof eachTestRun.

FiguresA-5am A-5i showthechangesin liquid temperatureabovethesecondary
heater,labeledTM07, TM08 andTM09, at 1mm, 5 mm, and10mm aboveits center,and

thusgivesan indicationof theeffectsof lateralmotionsof thevaporbubblefor thecase

wheretheprimaryheateris active. In the lowerpartof theseFigures,TM11 measuresthe

quartzsurfacetemperaturecenteredunderthesecondaryheater,whileTM 12measuresthe
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quartzsurfacetemperatureunderthecenterof theprimaryheater.TM13 measurestheair

spacetemperatureslightly removedfrom thecenterof theundersideof thequartzsubstrate.

If necessary,thispermitsestimatingtheheatlossfromthebacksideof thequartzsubstrate.

Twelve(12) selectedrepresentativeframesfrom the400 ft. 16mm motionfilm are

presentedfor eachRun in FiguresA-6a- A6i, alongwith the framenumber,counted

from frame100at theonsetof heating,andwith thetime from theonsetof heating,at 10

seconds.Filming took placeat either 10or 100pps,asindicatedin thematrix given in

TableA-I. Theimageswereobtainedby projectingthefilm onalargescreen,pickingit up

with a video camera,andusinga framegrabberanddigitizer for storageon laserdiscs.

Thetimesshownmaydiffer slightly from theframenumberbecausethecameraspeedmay

vary, aswhenchangingframing speed. The LED's seenin the bottom of eachimage

providesynchronizationwith thethermaldata,following thetime formatgivenin Figure
3.10.

The nucleationdelaytime hereis definedasthe timeinterval betweentheonsetof

heatingandthemomentwhenthefirst vaporbubbleappears.For agiveninputheatflux a

distinctrelationshipexists,in theabsenceof buoyancy,betweenthenucleationdelaytime,

theheatersurfacesuperheat,andtheliquid temperaturedistributionat theonsetof boiling.

Thelatterquantitiesgovernthecharacterof theearlybubbledynamicsandthespreadof the

boiling acrosstheheatersurface.Suchprocessesaredescribedin detailin Ervin andMerte

(1991),Ervinet al (1992),andLeeandMerte(1993),usingtheresultsof transientboiling

testsin the5.1 seconddrop towerat theNASA Lewis ResearchCenter. Basedon these

testsanoptimumcorrelationwasdeveloped,asshownin FigureA-7, in orderto estimate

thedelaytimesexpectedin theflight experiment.All nucleationdelaytimesmeasuredwith

thePBE-IA, including thepre-andpost-flightgroundtests,areplottedin FigureA-7. The
comparisonwith the flight data is quite good, while convectioneffects result in some

scattering.Thelimitationson thelower levelsof input heatflux becomeobviousin sucha

plot, wherenucleationcannot takeplacein a5.1seconddroptowerbelowaheatflux of
about5.5w/cm2.

FigureA-8 is aplot of themeanheatersurfacesuperheatat nucleationfor thesame

testsplotted in Figure A-7. It is notedthat a peak exists in the meanheatersurface

superheatonnucleationbetweenthehigh andlow levelsof heatflux, evenwith different

subcoolinglevels,andis particularlyhigh in microgravity. In addition,for themostpart,

asthe subcoolinglevel increasesthe heatersurfacesuperheaton nucleationis smaller.

Thesephenomenawill bediscussedbelow in termsof heterogeneousandhomogeneous

nucleationtheories,with the influence of the liquid temperaturegradientsat the heater

surfaceandbulk liquid subcoolingincorporatedin thelatter.
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In certaincircumstancesof thetestmatrix followed here,it wasnotedthat afterthe

initial nucleationand prior to the spreadingof the boiling processacrossthe heating

surface, the vapor bubble appearedto be growing spherically or hemispherically.
Measurementsof sizeas a function of time were madefor thesebubbles,since such

growthscanbecomparedwith predictionsof sphericallysymmetricanalyticmodels,such

as developed by Lee and Merte (1993). The measurementsand corresponding

experimentalparametersaregiven in Figures A-9a m A-9i, while discussionof the

comparisonswith themodelswill bedeferreduntil thenextsection. Theanalyticalplots
areincludedfor all Runsof thematrix, eventhoughmeasurementswerenot possiblein

caseswherethe growth rateswere extremelylarge. This wasuniversally true for the
intermediatenominalheatflux level,q_= 4 w/cm2, andin isolatedcasesfor the low heat

flux levelof q'_= 2 w/cm2. FromFigureA-8 it canbenotedthatthe intermediateheatflux

levelcorrespondsto themaximumheatersuperheatlevelatnucleation.

From thephotographicdatatakenthroughthetransparentheatingsurfacefrom the

underside,it is possibleto discernquitedistinctly thoseportionsof theheatersurfaceon

which dryout hastakenplace. Examplesare abundantin Figures A-6a -- A-6i. It is
observedthatundersomecircumstancesthis is atimevaryingphenomena,andisrelatedin

some fashion to both the transientmeanheatersurfacetemperatureand heat transfer

coefficient. If measurementsof thetimevaryingfractionalareaof theheattransfersurface

in contactwith vapor,which will be termedthe fractionaldryout area,canbemadewith

sufficient temporal detail, it is felt that the possibility exists for quantifying the
contributionsto thetotal heattransferof thedifferentmodesof heattransfertakingplace.

Sinceonlymeanheatersurfacetemperaturesandheattransfercoefficientsaremeasurableat

present,only spatialmeanparameterscanbedetermined:localmeasurementsin thefuture

wouldpermitdeterminationof theseparametersonaspatiallylocalbasis.

In orderto provideanefficientmeansfor quantifyingthetime varyingfractionaldry

portionof theheaterareafrom the 16mmfilms, anopticalprocessingsystemwassetup in

whichthe16mm film is projectedonascreenwitha motionpictureprojector;themotionis

stoppedat the desiredframe;the time noted;the imagepickedup with a videocamera,
which canthenbestoredonaVCR and/orimmediatelydigitizedwith a framegrabberfor

greaterresolution;thedigitizeddatais storedonanopticaldisc for laterprocessing.The

fractionaldry areameasurementsweremadefrom thedigitizeddatafor selectedportionsof
eachRun, which are indicatedon the index, Table A-IV. The fractional dry areaand

correspondingmean heatersurface temperaturesare plotted in Figures A-10a--i-

A-10i--i. A predictableconformity is to benotedin eachRunbetweenthefractionaldry

areaandthe meanheatersurfacetemperature:As the fractionaldry areaincreasesfor a
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given heat flux input, so doesthe meanheatersurfacetemperature. Sampleimages

showingdryoutandrewettingin eachof theselectedportionsof eachRunareincludedas

FiguresA-10a--ivm A-10i--iv. Discussionof thedevelopmentof themicrogravityboiling

heattransfercoefficients,presentedin the intermediateFigureswill bedeferreduntil the
nextsection.

FiguresA- 11m A- 13providethesameexperimentalresultsasdescribedfor Figures

A-1 --A-3 above,exceptthat theformerwereobtainedat a/g= +1 during thepost-flight

testingof the hardware,following theidenticalautomatedmatrix cycleasfor the space
flight. Theseresultsprovidedataby which direct comparisonscanbemadeof behavior

betweenearthgravityandmicrogravityunderotherwiseidenticalcircumstances.For the

presenthereit maybestatedthatnucleateboiling alwaystookplaceatthehighestheatflux

level, never took place at the lowest heat flux level, and sometimestook placeat the

intermediateheatflux level. An additionalbenefitof thetestsconductedat a/g= 1is the
reasonableagreementto benotedbetweenthemeasuredheatflux inputsin FiguresA-12a

A-12i andtheasymptoticsteadystatevaluescomputedfrom themeasuredmeanheater

surfacetemperatures,asplotted in FiguresA-13a _ A-13i. This reinforcesboth the

measurementsconductedandthecomputationalproceduresadopted.

6. DISCUSSION

6.1 Conduction Effects

In the absence of buoyancy and forced convection, heat transfer in fluids takes place

by pure stationary conduction, as in solids. This was confirmed for relatively short periods

(up to 5.1 seconds) in microgravity, in solids and in fluids before nucleation take place, by

the measurements of Ervin and Merte (1991), also appearing in Ervin et al (1992). In this

case the physical processes of conduction conformed closely to the analytical solution for

two semi-infinite solids, initially at a uniform temperature, with a uniform step in a plane

heat source at the interface.

An important consideration in the measurement of the mean heater surface

temperature as determined from the measurement of the mean electrical resistance of the

thin gold film, from Equation (3.1), is how accurately the mean resistance actually

represents the mean temperature. This question is examined analytically in detail in

Appendix D, with the conclusion that the maximum discrepancy between the true mean

surface temperature and that computed from the mean surface electrical resistance is less

than the absolute uncertainty in the heater surface temperature measurement, under the most

adverse temperature distribution over the surface.
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6.1.1 Conduction in Substrate

The analytic solution in the interface temperature between the two semi-infinite solids,

which corresponds to the gold film heater surface temperature in the physical system, is

plotted as the 1 - D Analytical Surface temperature for reference purposes for each of the

Runs of the matrices of PBE-IA-IB-IC in Figures la - li of Appendices A, B, C.

The discrepancy between the analytical and the measured values increases for the

lower level of heat fluxes, for which longer periods of conduction heat transfer in both the

solid and fluid domains take place before nucleation occurs. This discrepancy is attributed

to three-dimensional conduction effects during this period, primarily in the quartz substrate

domain, which has a larger thermal diffusivity, a = k/pc = 8.34 x 10-7m2/s, compared to a

= 5.24 × 10-8m2/s for R-113. Comparisons of the short 5.1 second drop-tower ground

based testing were excellent with the one-dimensional solutions. In this case the quartz

substrate was less massive than that in the PBE, and the single heater surface on the

substrate was located symmetrically. To confirm that three-dimensional effects were

operating in the PBE a 3 - D finite element model was developed for the particular geometry

of the PBE. The results are presented here for demonstration purposes.

Figure 6.1 shows the measured mean heater surface temperature for Run No. 3 of the

PBE-IA on STS-47 from Figure A-lc. Also shown are the measured underside surface

quartz temperatures under the center of each of the heaters from Figure A-5c, with the

active heater side measurement being TM11, the larger increase of the two, as anticipated.

Also indicated are the 1 - D analytical heater surface predictions from the semi-infinite solid

solution, and the 3 - D predictions of both the heater surface and the quartz undersides

using the finite element solution procedure with the heat flux input up to the nucleation

point, followed by an imposed uniform surface temperature, which approximates quite well

the measured value following nucleation. The 2 - D temperature distribution of the heater

surface produced by the 3 - D finite element model is spacially averaged to give a single

mean value, for purposes of comparison with the measurements. It is noted that this

computation closely approximates the measured surface temperatures up to the nucleation

point. The measured temperature rise occurring at 85 seconds was not incorporated into

the 3 - D finite element model. Nevertheless, it is noted that the measured quartz underside

temperatures follow the computed changes. The difference of 2°C between the measured

and computed quartz underside temperatures is a consequence of taking the initial quartz

temperature to be uniform at the initial bulk liquid temperature, in the computational

process. An initial difference of 2°C across the quartz existed as a result of the heat transfer

from the quartz to the surroundings, which were about 10°C cooler than the quartz surface.
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This hadlittle effect on netheatlossesfrom theheatersurfaceitself becauseof the low

thermalconductivityof thequartz.

Figure 6.2 is an isometric plot of the 3 - D temperaturedistribution in the quartz

substratecomputedby the 3 - D finite elementmodel,at the onsetof nucleationat 40

secondsonFigure6.1. This showsclearlytheconductiontakingplaceasdeparturesfrom
the 1 - D semi-infinitesolidmodel. Thepotentialinfluencethat3 - D conductioneffects

mighthaveon thecomputationof theheattransfercoefficientto thefluid will beconsidered

in the next section. The upperpart of Figure6.2 is a centralsectionshowingthe2 - D

temperaturedistributionin theR-113after30secondsof heating,anddemonstratesthatthe

extentof thepenetrationof thetemperaturedisturbanceis quitesmall.

Figure 6.3 presentsan isometric plot of the 3 - D temperaturedistribution in the

quartzsubstrateat90 secondsin Figure6.1,usingaconstantmeansurfacetemperatureof

75°Casmeasured,following nucleationat40seconds.This indicatesthatthetemperature

of the quartzundersidesurfacehasincreasedby approximately3°C, in agreementwith

Figure6.1. The2 - D centralsectiontemperaturedistributionin theR-113is alsogivenat

thetop,but hasnophysicalsignificance,sinceboiling hasbegunat40seconds.

6.1.2 Conduction in Fluid

Figure 6.4 shows the measured mean heater surface temperatures as fitted from the

measurements of heater current and voltage at 10 Hz. Also repeated from Figure 6.1 are

the 1 - D and 3 - D computed heater surface temperatures prior to nucleation, which include

conduction heat transfer taking place in the fluid, valid as long as the fluid is motionless.

The heat transfer coefficients to the fluid are computed from the measurements with the

1 - D finite difference procedure for the case where a polynomial fit is used between each of

the measurement points for interpolation purposes, and results in the oscillations observed.

The 3 - D finite element computation of the heat transfer coefficient during the conduction

phase up to nucleation provides a reasonable fit to the heat transfer coefficients computed

by the finite difference method when some visual filtering is applied. Once nucleation

occurred the 3 - D finite element model in Figure 6.4 imposed a constant heater surface

temperature, which approximates the measurements out to about 85 seconds when dry-out

begins. The heat transfer coefficient computed from the 3 - D finite element model during

the 40 seconds to 85 second interval follows the smoothed version of that computed from

measurements with the 1 - D finite difference model. This is a consequence of the

relatively low thermal diffusivity of the quartz, which means that the penetration depth of

the disturbances taking place at the surface with these frequency levels are not influenced

by three dimensional effects.
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In order to determinethe effect that filtering of the measuredmeanheatersurface

temperaturewould haveon the heattransfercoefficient computedwith the 1 - D finite
differencemodel,two differentdegreesof filtering techniqueswereapplied,presentedin

Figures6.5and6.6for thesameRunNo. 3 of PBE-IA (STS-47). Figure6.5presentsthe
meanheatersurfacetemperatureandcomputedheattransfercoefficienttaking three(3)

successiveheater surface temperaturesat 100 ms intervals averagedto provide the

temperatureatthemiddlepoint on thetime scale.Thisprocedurewasadvancedfor each
100msdatapoint. The smoothingobtainedis notedby comparisonwith Figure6.4.

Figure6.6 is similar to Figure6.5,excepttheaveragingprocesswasconductedover
five (5) successivemeasurements,advancingalsoin 100mssteps.Excessivefiltering is to

be avoided, sinceit is possiblethat a real transientmight be eliminated. The results

presentedin Figures la m li of AppendicesA - C were obtainedusing the 3 point

averagingtechnique,with apolynomialfit for interpolationbetweendatapoints.
Onefurtherassessmentof theproceduresfollowed in thenumericalcomputationof

the heat transfer coefficient from the measuredmeanheater surfacetemperaturesis

necessary.In carryingthesecomputationsout it is assumedthattheheatflux input to the

heatersurfaceis constant,atsomeinterpretedmeanvalue. Thatthis is not thecasecanbe

notedby examiningFiguresA-2a--A-2i, for example.
A detailedexaminationof theeffectof takingaconstantheatflux wasconductedfor

PBE-IA RunNo. 3, usingthe 3 - D finite elementmodeldevelopedhere. In onecasea
curveis fitted to themeasuredvariationin the input heatflux, while in theothercasethe

input heatflux is takento beconstant.Theresultsaregivenin Figure6.7,andit is noted

that any discerniblediscrepancyoccursonly in the immediatevicinity of the nucleation

point, wherethe largesttemperaturechangeoccurs,with the maximumvariation in the

input heatflux. At this point thepeakcomputedheattransfercoefficientis reducedfrom
2100to 1600w/m2K. Actual two dimensionalvariationsover theheattransfersurface

makesuchdistinctions betweenthe mean input heat fluxes difficult to justify, and a

constantmeaninputheatflux isusedherethroughout.

The temperaturedistribution in the liquid at thenucleationsitesat the momentof

nucleationis necessaryfor assessingthevaporbubblenucleationprocessin microgravity,

to beexaminedbelow. Thesearecomputedas1- D transientconductionprocessesin the

liquid usingasboundaryconditions,however,the local heatersurfacetemperaturesand

liquid heatflux computedusingthe 3 - D finite elementmodel for the substrate.This

procedurewasnecessarybecausethe grid spacingof the finite elementmodelwas too

coarseto providethespacialtemperatureresolutionnecessaryin the liquid. Theresultsof

thecomputationsarepresentedhere,althoughtheapplicationwill bemadein theanalysis
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of thenucleationprocessbelow. Figure6.8 is a sketchof thegoldfilm heatersurfaceson

the quartzsubstrate,for purposesof orientationhere. The cameraview asplacedon the

film is from the undersideof theheater,givenin the upperportion of Figure6.9. Also

superimposedare the grid for the 3 - D finite elementmodel and the nucleationsite

locationsasobservedfrom themotion picturefilms. As describedearlierPBE-IA (STS-

47) and PBE-IC (STS-60)useidentical hardware,so the nucleationsitesfor both are

placedontheleft side,theprimaryheater,whilePBE-IB (STS-57)usedthebackupheater

of adifferentsystem,andthenucleationsitesareshownon theright side.

It wasoriginally expectedthat nucleationandearly bubble growth would always

occurin thatpartof theheaterhavingthehighesttemperature,in thecentralportion,and

not near the edgesof the heaterwhere the temperaturefalls off sharply becauseof

3-Dimensionalconductionin the substrate.The latterbehaviorwasconfirmedby early

finite differencecomputationsof the3 - D substratetemperaturedistributions,andby the

recent3 - D finite-elementtransientcomputationspresentedabove.

Resultshaveindicatedthatundercertaincircumstancesnucleationdoesnot takeplace
of thedomainsof highestsurfacetemperature,butsometimestakesplaceatlocationson the

heatersurfacewherethetemperaturesare lower - nearthe edges,dependingon theheat

flux level. This is illustratedin theupperpartof Figure6.9,in which thelocationsof the

nucleationsitesareindicatedfor eachRunin thethreePBEexperimentsflown to date. It is

notedthat thehighestheatflux cases,RunNos. 1,4, 7 nucleatedat the identicalsitenear

anedgeonboth theSTS-47andSTS-60,identified as(a). For thesameRun No. 1,4, 7

on theSTS-57,nucleationalsooccurredat a singlesitenearanedge,identified as(h) in

Figure 6.9. Where the nucleation sites in particular Run Nos. are identified as not

determined,this correspondsto the caseswhere the vapor bubble growth was quite
energetic,suchthat no vaporbubblewasvisible in onefilm framebut filled the entire
heatersurfacein the next. It is assumedin thesecasesthat nucleationoccurredin the

highestsuperheatdomain- in thecentralpartof theheater. This is consistentwith Run

Nos.2 and5 on STS-47and-60,point (b) in Figure6.9.

To illustrate the extent to which temperaturedifferencesexist acrossthe heater
surfaces,andin particularto determinehow localvaluesmaydiffer from themeanheater

surfacetemperaturedeterminedfrom themeasurementof theoverall electricalresistance,

computationsfrom the3 - D finite elementmodelareplottedin Figures6.10- 6.12for the

representativeinput heatflux levelsof 7.0,3.5, and1.75w/cm2,respectively,usedin the

PBE. Theuppersolidcurveis theuniform surfacetemperaturecomputedfrom the 1- D

transientmodel,while thedashedcurveis themeanheatersurfacetemperaturecomputed

from the3 - D transientfinite elementmodel. Thenodesindicatedoneachof Figures6.10
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- 6.!2 arelocatedasshownonFigure6.9. Thesameinitial temperatureof 49°Cwasused

in all cases.Thenodaltemperatureswereutilized for interpolationto determinetheheater

surfacetemperaturesat the locationandmomentwhennucleationtookplace,aswell asthe

temperaturedistribution in the liquid at this time, in orderthat thecircumstancesunder
which boththenucleationandsubsequentvaporbubblegrowthmightbemoreaccurately

described.

Severalobservationscanbemadefrom Figures6.10- 6.12:

(1) The 1-Dmodelcomputationsprovidethelargesttemperaturerise,dueto theabsence
of lateralconduction.

(2) Nodes2 and5 provide thehighestlocal temperature,andarevirtually identicalfor

shortperiodsof time, to 20 seconds,becausetheseare interior points. With the
lowest heat flux level at longer times,in Figure 6.12, the temperatureof Node2

becomesslightlyhigherthanthatof Node5, for thesamereason.

(3) Nodes 7 and 9 are virtually identical, with the lowest temperature rises, since these

are at the farthest corner of the heater surface. Note 9 has a slightly higher

temperature because it is closer to an adiabatic boundary.

(4) Nodes 1, 4, 8, 6, 3 are similar in behavior, since all have similar locations at the

boundary of the thin-film heating surface. Node 8 becomes slightly lower in

temperature at longer times, as in Figure 6.12, because of lateral conduction effects.

(5) The discrepancy between the mean and 1 - D surface temperatures increase with time,

again because of lateral conduction in the substrate.

The local heater surface temperatures and heat flux were then used to compute the

local temperature distributions in the liquid normal to the heater surface at the moment of

nucleation, for each of the nine (9) Runs for each of the three PBE space flights to date.

These are presented in Figures 6.13 - 6.15 for PBE-IA (STS-47), PBE-IB (STS-57), and

PBE-IC (STS-60), respectively, as local liquid superheats. It is noted that the Runs with

the highest heat flux, Nos. 1, 4 and 7, have the lowest total superheated liquid content at

nucleation, which is related to the non-dynamic bubble growth rates. The medium heat
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flux case,Run Nos.2, 5 and8, havethe highestlocal surfacetemperatureat nucleation,

with somevariabilitywith subcoolingbetweenthem.

It should be recalled that PBE-IA (STS-47)and PBE-IC (STS-60) use the

identicalhardware,sosimilaritiesin behaviorshouldbeexpected.In particular,in Figures

6.13and6.15,thepositionsof RunNos.6 and9 whicharelow subcoolingandsaturated,

respectively,arehighrelativeto RunNo.3, whichhasahighsubcooling.This meansthat

for the sameheatflux that nucleationtook placepreferentiallyat a lower heatersurface

temperature,andfrom Figure6.9, at a locationwherethesuperheatsindeedwere lower.

This is confirmedin Figure6.14,PBE-IB (STS-57)wheretheexperimentalapparatuswas

similar,but not identical. RunNo. 9 is missing in Figure 6114becausethe nitrogengas

remainingattheendof theexperimentwasnotsufficientto pressurethesystem,necessary
to collapsethe vapor remainingfrom Run No. 8. Nucleationthereforecould not take

place.

6.2 Natural Convection Effects

Natural convection is driven by buoyancy, and its onset may be described in terms of

an instability in which disturbances are always present. Reducing the buoyancy by

reducing the body forces delays the onset of the convection and reduces the resulting

convection velocities. However, acting over a sufficiently long period of time it can be

anticipated that any non-zero level of body force, no matter how small, will produce

motion, depending on the stabilizing forces acting in the particular circumstance. Reference

was previously made to PBE-IC (STS-60) Run No. 8, during the single phase transient

heating process, in which a disturbance of about 0.3 mg perpendicular to the heating

surface at about 16 seconds (Table XII) and lasting approximately 2 seconds induces a

slight amount of natural convection. It can be noted in figure C-lh that this natural

convection in turn affects the mean surface temperature and the heat transfer coefficient.

The results of the post-flight tests at a/g = +1, in which non-boiling natural

convection took place, provided an opportunity to compare values of the natural convection

heat transfer coefficients generated by the procedure followed for the microgravity boiling

cases with values from well established natural convection correlations. For example, the

correlation of Lloyd and Moran (1974) for a horizontal surface facing upward predicts a

heat transfer coefficient of h = 460 w/m2k for R-113 at earth gravity. This is to be

compared with measurements over the range h = 490 - 550 w/m2k from Figures 1 lb, 1 lc,

1 le, 1 If, 1 lh, 1 li, in both Appendices A and C.
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6.3 Nucleation

The mean heater surface superheat at nucleation, or the onset of boiling, are plotted

for PBE-IA-IB-IC in Figures 8 of Appendices A, B, C, respectively, as a function of the

input heat flux, which is directly proportional to the heat flux to the fluid in the

microgravity non-boiling conduction heat transfer domain. It is noted that in all cases

except for a/g = + 1, where natural convection is dominant, that a distinct peak exists in the

mean heater surface superheat at nucleation between the high and low levels of heat flux,

and is particularly high in microgravity. In addition, for the most part the heater surface

superheat on nucleation is smaller as the subcooling level increases, which would appear to

counter intuition.

The possibilities for both heterogeneous and homogeneous nucleation were

considered, and will be discussed below. The role of the liquid temperature gradient at the

heater surface interface at nucleation, along with bulk liquid subcooling, were also

examined. It was demonstrated by Ervin and Merte (1991) that nucleation of R-113 on a

large gold film heater can occur at heater surface superheat levels on the order of 4°C if a

sufficiently rapid heater surface temperature increase can be instituted. In this latter case,

approximations to step changes in heater surface temperatures were being attempted. On

the other hand, as reported by Iida et al (1993), high rates of heating of ethyl alcohol at

atmospheric pressure by a small (0.1 mm × 0.25 mm) platinum film 20 Angstroms thick on

quartz, to 107°C/s, produced nucleation at the theoretical homogeneous nucleation point of

129°C superheat. In this case the liquid subcooling was 53°C, and the formation of the

vapor bubbles was described as "Caviarwise bubble generation".

The transient heating of a liquid from a fiat heater surface with a constant imposed

heat flux while in microgravity implies that the transient temperature distribution in the

liquid can be determined with confidence by computation, including the two-and three-

dimensional conduction effects arising in finite systems. This was demonstrated above.

By measurement of the time at which nucleation takes place, as determined from the

photographic images obtained and generally confirmed by the associated transient

disturbances of the measured mean heater surface temperatures and the system pressure,

the physical circumstances existing at nucleation are known. Of particular interest here,

with the R- 113 test fluid used, is the heater surface superheat at nucleation as a function of

the parameters of system pressure, initial bulk liquid subcooling, and imposed heat flux

level.

The heater surface superheats at nucleation corrected for 3-dimensional conduction

effects, representing the local rather than mean values of Figures in Appendices A, B, C,

are given in Figures 6.13, 6.14, 6.15, for PBE-IA, -IB, -IC, respectively. It is noted here
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alsothat theheatersurfacetemperaturefor Run Nos. 1, 4, 7, are the lowest in all cases,

although having the highest heat flux level. The intermediate levels of heat flux,

represented in these Figures by dashed lines, have the highest heater surface superheat

levels, while the lowest heat flux levels, represented by the heavy solid lines, have

somewhat lower heater surface superheat levels at nucleation.

Referring now back to Figure 6.9, which shows the locations of the nucleation sites,

it is noted that in the three Run Nos. 1, 4, 7 (the high heat flux level case) of PBE-IA and

-IC, which were conducted with the same hardware, the nucleations all occurred at

precisely the same location on the heater surface, designated by the letter (a). For Run

Nos. 1, 4, 7 of PBE-IB, the nucleations also took place at the same location, except

different than the preceding PBE-IA and -IC, designated by the letter (h). It may be

concluded that these nucleations at the highest nominal heat flux level of q_ = 8 w/cm 2

consist of heterogeneous nucleation, since they are associated with specific locations on the

solid heater surface. This implies the presence of reproducible artificial nucleation sites. In

all other cases presented the nucleation sites are at different random locations, and are

termed as a form of homogeneous nucleation, in the sense that these cannot be associated

directly with a specific nucleation site. The development of the expression for the effective

cavity size necessary to produce these heterogeneous nucleations will now be presented, to

be followed by the development of a homogeneous nucleation theory in the presence of a

temperature gradient.

Heterogeneous nucleation theory considers that vapor bubble growth begins from a

cavity at the solid heater surface in which vapor is assumed to be pre-existing. Cavities or

crevices are present at the surfaces of all solids, differing only in size, number, and

distribution of sizes, which depend in turn on how the solid was originally formed and on

the subsequent mechanical treatment to which the material was subjected, such as

machining, grinding, polishing, etc. Such cavities are filled initially with a gas, such as

air, which can later then be expected to be displaced by the vapor of the liquid with which it

might be placed in contact.

In the present case the solid surface is quartz, which is given a final finish by

polishing with a material of typical dimensions of 1.4 microns (It). If a spherical shape is

assumed for these particles, the surface cavities remaining after polishing can be expected

to have effective radii of 0.7_t or less. A scanning electron microscope was used to obtain

back scattered electron images of a typical gold-film coated quartz surface used for boiling

R-113. It was necessary to fracture the surface to a size small enough to fit within the

apparatus. Using resolutions down to about 0. llx, what appeared to be scratches on the

surface could be observed, having a maximum width of 2.5It, down to 0.1It. The
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objectiveof the analysishereis to demonstratethat experimentalmeasurementsof the

nucleationprocesstakingplaceareconsistentwith predictionsof heterogeneousnucleation
to within anorderof magnitudeof thesizeof potentialcavities.Heterogeneousnucleation,

however,doesnot account for the observedeffects of the heat flux and bulk liquid

subcooling,andhencetheexaminationfor thepossibilityof homogeneousnucleationwas
dictated.

A schematicfor the developmentof the expressionfor thecritical sizenucleation

cavity is givenin Figure6.16. Thecavity is assumedto becircular in opening,andfilled

with vaporprotrudinghemisphericallyinto thebulk liquid, with radiusRe. This nucleus

will becomeactivatedandbegingrowing whenthe liquid temperatureat the top of the

vapor hemisphereequalsor exceedsthat predictedfrom liquid-vapor thermodynamic

equilibriumonacurvedinterface.Suchaconceptis quitewell known,wasfirst presented

by Griffith andWallis (1960),andlatermodifiedandutilizedby Hsu (1962).
The condition for mechanicalequilibrium of a spherical(or hemispherical)vapor

bubbleis givenby:

2is (6.1)
Pv- Poo-Rc

Theintegratedform of theClausius-ClapyronEquationgivestherelationshipbetweenthe

vaporpressureandtemperatureat afiat interface:

Pvat Tv-Tsat Tsat

Combining Eq. (6.1) with Eq. (6.2) provides the liquid superheat required for mestastable

equilibrium of a spherical vapor bubble, Eq. (6.3).

TffTsat (6.3)
Tv - Tsat - pvhfgRe

Eq. (6.3) can be expressed in terms of heater surface superheat as:

2tSTsat + (Tw - Tv) (6.4)
Tw - Tsat - pvhfgRc

Eq. (6.3) is plotted in Figure 6.16. With an imposed heat flux to the liquid, as is the case

in the PBE, the temperature distribution in the immediate vicinity of the heater surface can
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be takento beapproximatelylinear,as givenby Eq. (6.5) and alsoindicatedin Figure

6.16,whendealingwith bubbledimensionsof theorderof microns,encounteredhere:

w£q =k T Tv

Tv in Eq. (6.4) can be eliminated with the use of Eq. (6.5), resulting in:

(6.5)

Tw - Tsat = 2aTsat + q" Rc
pvhfgRc k

(6.6)

As a practical matter, the difference between Tw and Tv is negligibly small. Eq. (6.6) can

be placed in an implicit form for Rc as in Eq. (6.7), or solved explicitly for Rc as in Eq.

(6.8). The last term in the denominator of Eq. (6.7) is identical to the last term of Eq.

(6.8), by the use of Eq. (6.3).

2oTsat

Rc- (1 q" Re
(6.7)

pvhfg(Tw - Tsat) _ k(Tw - Tsat)J
./

Rc-k(T2q.Tsat) {1+ [1 8OTsatq" 11/2_ (6.8)
-- pvhfg(Tw- Tsat)2J J

The simultaneous solution of Eqs. (6.3) and (6.5), given by Eqs. (6.7) or (6.8), is

illustrated as their intersection in the sketch of Figure 6.16. The last term within the

brackets in Eq. (6.8) has a value on the order of 0.05 for the typical experimental

conditions of PBE with R-113. Thus, the resulting value of Rcmax becomes so large that

the linearity of liquid temperature implicit in Eq. (6.5) is no longer valid. Only Rcmin

remains, given by Eq. (6.7) if the last term in the denominator is neglected. From the

measurement of q" in the PBE and Tw at the moment of nucleation, both Rcmin and Rcmax

can be computed.

For reference purposes only, Rcmax is plotted in Figure 6.17 for each of the 9 Runs

conducted as PBE-IA, -IB, -IC on the STS-47, -57, -60, respectively, and are functions of

the combination of liquid heat flux and local heater surface superheat at nucleation. The

values tabulated range from 0.3 mm to 6.8 mm for the diameters of the cavities assumed to

exist, which are unrealistic in this case. The corresponding values of Rcmin are plotted in

Figure 6.18. Except for the effects of pressure on the properties in Eq. (6.8), used to vary

the initial bulk liquid subcooling, the smaller the radius in Figure 6.18 the higher was the

local heater surface superheat at nucleation. The consistency between any sets of these
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minimumvaluesof thecritical sizethenis ameasureof theconsistencyof the localheater

surfacesuperheatsatnucleation.

Both RcminandRcmaxascomputedfrom Eq. (6.8) for theexperimentalconditions

for PBE-IA (STS-47)areplottedin Figure6.19,usingalogarithmicscalefor theradiusof

thecritical sizenucleus.Also shownfor referencepurposesis aradiusof 0.7g, thetypical

radiusof particlesusedfor polishingby thefabricatorof the quartzsubstrate.It is quite

noteworthythat this dimensionis of the order of magnitudeof the theoretical values

obtainedfrom themeasurementsof heatersurfacesuperheatatnucleation.Thattheselatter

valuesaresmallerthanthepolishinggrit sizeis anindicationof thetruesmoothnessof the

quartzsurface.
Figure6.20is aplotof theminimumcritical sizenucleationcavitiesfrom Figure6.19

for PBE-IA (STS-47) and the corresponding data from the PBE-IC (STS-60),

superimposedon thelocationsat which thesenucleationstook place. The entire heater

surfaceis shown. Thesetwo setsof experimentshavetheidenticalhardwareandheater

surface,and the locations were given previously in Figure 6.9. For convenienceof
visualization the letters correspondingto the nucleationsites in this latter Figure are

reproduced in Figure 6.20. It is noted that the nucleation cavity sizes are smallest at the

center, where the superheats are largest with the intermediate heat flux level. This heat flux

level also produced the most violent early bubble growth rates. Figure 6.21 is similar to

Figure 6.20 except that it applies to PBE-IB (STS-57).

The value of Rcmin given by Eq. (6.8) is plotted as a function of the wall superheat

Tw - Tsat in Figure 6.22 for each of the three pressure levels used to produce the

subcooling in PBE-IA (STS-47). The intersection of the local heater surface superheat at

nucleation with the corresponding pressure level then provides the theoretical nucleation

cavity size for each Run No., indicated by the numbers attached to the points. A band

corresponding to the typical radius of the particles used for polishing is included with an

arbitrary uncertainty as R = 0.7g + 0.1g. This point at 0°C wall superheat is connected

with each Run No. in order to identify and relate more clearly the corresponding input heat

flux levels. It is noted in particular that the three Run Nos. 1, 4, 7 at the high heat flux

level are clustered at low nucleation wall superheat levels, while the remaining Runs are

clustered at a high superheat level, except for Run No. 3 which appears to be an anomaly.

The nucleation for Run Nos. 1, 4, 7 all occurred at precisely the same point on the heater

surface, and also with PBE-IC (STS-60), as was shown on Figures 6.9 and 6.20. These

nucleations are identified as heterogeneous nucleations, since they all took place at a unique

location on the heater surface, whereas the other nucleations took place at various scattered
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locationson theheatersurface. Figures6.23and6.24aresimilar to Figure6.22,except

thatthesecorrespondto PBE-IB (STS-57)andPBE-IC(STS-60),respectively.

Also plottedonFigures6.22- 6.24arethetemperaturedistributionsin theliquid for

Run Nos. 1and9, correspondingto thehighestandlowestlevelsof heatflux. Overthe

maximumrangeof Rccoveredhere,1micron,the liquid temperaturechangesare0.12°C

and0.038°C,respectively. Thesechangescannotbe detectedon the temperaturescales

usedhere. Alsonoteworthyhereis thatthesuperheatedboundarylayersareconsiderably

largerin sizethanthediametersof thecritical sizenucleirepresentedinFigure6.22- 6.24.

This means that the possibility for homogeneousnucleation to take within these

superheatedboundary layersshouldbe given seriousconsiderationfor explaining the
seeminglyrandomlocationsof the nucleationsites,undercertaincircumstances.This is

reinforcedby theobservationthatthenucleationstakingplaceatthehighestlevel of heat

flux, correspondingto Run Nos. 1,4, 7 in PBE-IA-IB-IC, all occurredat fixed physical
locations,soasto beclassifiedasheterogeneousnucleation.If heterogeneousnucleation

explainsthelow levelof heatersurfacesuperheatatnucleationatthehigh levelsof heatflux

in Figures8 of AppendicesA-C, thenwhatremainsis to describeorpredictthe increaseof
theheatersurfacesuperheatwith increasein heatflux, asobservedat the lower levelsof

heatflux of q_= 2 w/cm2and4 w/cm2. This will nowbeexamined.

In generalterms,homogeneousnucleationrefers to nucleationtaking placein the

absenceof anyotherphasesor foreign materials. As acknowledgedby Skripov (1974),

liquidscanbesuperheatedevenin thepresenceof so-calledartificial centers,providedthat

the liquid is heatedat a sufficiently high ratesuchthatthe energyimpartedto the liquid

exceedsthelatentheatof evaporationbeingabsorbedat theactivecenters.A criteria is

developed,with sampleresultsfor water,for theparametersnecessaryto obtain"impact"

boiling, or homogeneousnucleation.Thesedonotreadilylendthemselvesto computation,
requiring for calculationpurposesassumptionsof pendingor availablenucleationsites

-3 -2
densitiesas_ = 102cmwithin thebulk liquid and _A = 102 cm at the heating surface for

homogeneous nucleation to take place. A construction similar to this will be developed

below, except that no arbitrary values will be assumed m only that these quantities required

for nucleation remain constant as other parameters, such as system pressure and heater

surface flux, are varied.

The net conclusion of Skripov (1974) in the above is that high levels of heater power

are required to produce the necessary conditions for impact boiling or homogeneous

nucleation. On the other hand, the experiments conducted in the PBE-IA, -IB, -IC

experiments demonstrate that just the opposite appears to happen in the absence of

buoyancy, that homogeneous nucleation takes place as the heat flux is reduced.
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The initial attempt made here will be to predict the behavior of homogeneous

nucleationastheheatflux andsystempressurearevaried,sincehomogeneousnucleation
hasbeenobservedatdifferentlevelsof bothof theseparameters.Calculationsbasedon the

proceduresestablishedby Skripov (1974)were alsocarriedout by Avedisian (1985) to

predicthomogeneousnucleationasproducedby thepulseheatingmethod,usingasheater
-2

surfacenucleationsitedensitiesof n" = 103-- 106cm. Theseresultedin calculationsof

volumetricnucleationratesof J = 1015 m 1022 nuclei/cm3_sec., producing homogeneous

nucleation.

Homogeneous nucleation is viewed by Volmer (1939), among others, as the

spontaneous formation and subsequent growth of a vapor bubble associated with random

statistical energy fluctuations on a molecular scale within otherwise uniformly superheated

liquids. Disturbances associated with the temperature gradients inherent in the pulse

heating method, as utilized by Skripov (1974), also arise in the vicinity of rapidly growing

vapor bubbles, and also was treated briefly by Skripov (1974). This phenomena may

explain the behavior observed in the PBE during certain circumstances of boiling in which

bubbles were observed to nucleate and grow in front of the main advancing liquid-vapor

interface, and may also explain the phenomena of boiling spread in earth gravity described

by Ervin et al (1992) as the rupture of a smoothly growing liquid-vapor interface.

When the thermodynamic state of the liquid is not near the critical state, so that Vv >>

ve and the related condition of Pv = Ps thus applies, thermodynamic equilibrium provides

the critical size vapor bubble radius as:

rc = 2(_/(Ps - Pc) (6.9)

The integration of the Clausius-Clapyron equations relates the vapor pressure to the bulk

liquid superheat:

Ps-Pe-_ (T-Ts)
- Ts

(6.10)

Substituting Eq. (6.10) into Eq. (6.9), the critical vapor bubble radius is now expressed in

terms of the bulk liquid superheat:

rc = 2gTs/[Pv hfg (T- Ts) ] (6.11)
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Classical homogeneousnucleationtheory, treatedabundantlyelsewhere(e.g., -

Volmer (1939),Skripov(1974))andbasedonstatisticaltreatmentof thermalfluctuations,

providesanexpressionfor predictingtherateof formationof critical sizenuclei perunit
volumeof theform:

-G
J = C e (6.12)

It should be recognized that the formation of a critical size nucleus does not insure that a

vapor bubble will subsequently grow from this nucleus, but rather that this J constitutes a

proportionality or a probability that such growth will take place. Volmer (1939) defines the

product of J and a time interval dt as the nucleus formation probability.

The exponent G in Eq. (6.12) is the Gibbs No., defined as:

G(T) = Wcr/kT (6.13)

where Wcr is the work of formation of a critical size bubble nucleus, and kT represents the

mean molecular fluctuation energy per degree of freedom. The work of formation in Eq.

(6.13) is given by:

Wcr = 16/t _3/3T (Ps- PC) 2 (6.14)

Substituting Eq. (6.14) into Eq. (6.13) and then using Eq. (6.10), the Gibbs No. is

expressed in terms of the fluid properties, including the bulk liquid temperature, as:

G(T)- 16rca 3_ Ts "_2 1

3 k Lhv_lfgj T(T-Ts) 2
(6.15)

This property is tabulated in Table XIII for R-113, for the nominal pressures used in the

PBE, over the range of liquid superheat 21°C - 15 I°C, and is plotted in Figure 6.25. It is

noted that as the superheat rises the Gibbs No. decreases at a successively increasing rate.

If the nucleation probability is given by a form of Eq. (6.12), the limiting superheat

necessary for homogeneous nucleation becomes readily apparent. However, the coefficient

C in Eq. (6.12) remains to be established quantitatively.

According to Volmer (1939), the coefficient C is proportional to the concentration of

elementary vapor bubbles arising from thermal fluctuations, and gives it as:
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Gibbs No. for Rl13

Superheat (C) P=I07 kPa P=116 kPa p=150 kPa
21 9.62E+05 7.99E+05 4.36E+05

22 8.32E+05 6.91E+05 3.76E+05

23 7.21E+05 5.99E+05 3.27E+05

24 6.28E+05 5.22E+05 2.84E+05

25 5.49E+05 4.56E+05 2.49E+05

26 4.81E+05 4.00E+05 2.18E+05

27 4.23E+05 3.51E+05 1.91E+05

28 3.73E+05 3.10E+05 1.69E+05

29 3.29E+05 2.73E+05 1.49E+05

30 2.91E+05 2.42E+05 1.32E+05

31 2.58E+05 2.15E+05 1.17E+05

32 2.30E+05 1.91E+05 1.04E+05

33 2.05E+05 1.70E+05 92478

34 1.82E+05 1.52E+05 82460

35 1.63E+05 1.35E+05 73640

36 1.46E+05 1.21E+05 65859

37 1.31E+05 1.09E+05 58979

38 1.17E+05 97415 52884

39 1.05E+05 87501 47475

40 94748 78686 42666

41 85304 70835 38384

42 76880 63833 34565

43 69355 57577 31155

44 62624 51981 28105

45 56594 46969 25373

46 51186 42473 22925

47 46330 38437 20726

48 41965 34809 18751

49 38037 31544 16975

50 34499 28603 15375

51 31308 25951 13934

52 28428 23558 12634

53 25827 21397 11460

54 23476 19443 10400

55 21348 17675 9441.4

56 19422 16075 8574.3

57 17677 14626 7789.3

58 16094 13312 7078.3

59 14659 12120 6433.9

60 13355 11038 5849.5

61 12171 10055 5319.3

62 11096 9162.5 4838

63 10117 8350.9 4400.9

64 9227.6 7612.8 4003.8

65 8417.7 6941.2 3643

66 7680.2 6329.8 3314.9

67 7008.5 5773.1 3016.5

68 6396.4 5266 2745.1

Table XIII. Gibbs Number for R-113.
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69 5838.5 4803.8 2498

70 5329.7 4382.5 2273.2

71 4865.6 3998.4 2068.5

72 4442.2 3648 1882.1

73 4055.8 3328.4 1712.3

74 3703 3036.8 1557.7

75 3380.9 2770.6 1416.8

76 3086.8 2527.6 1288.5

77 2818.1 2305.7 1171.6

78 2572.6 2103.1 1065

79 2348.3 1918.1 967.91

80 2143.4 1749.1 _: 879.43

81 1956 1594.8 798.8

82 1784.8 1453.8 725.34

83 1628.4 1325 658.4

84 1485.3 1207.4 597.42

85 1354.6 1099.9 541.87

86 1235 1001.7 491.28

87 1125.8 912.08 445.21

88 1025.9 830.17 403.26

89 934.64 755.37 365.07

90 851.21 687.06 330.32

91 774.97 624.68 298.7

92 705.3 567.74 269.94

93 641.65 515.76 243.8

94 583.5 468.32 220.03

95 530.39 425.04 198.44

96 481.9 385.55 178.83

97 437.62 349.55 161.02

98 397.21 316.72 144.87

99 360.33 286.8 130.22

100 326.69 259.54 116.94

101 296.02 234.71 104.92

102 268.05 212.11 94.029

103 242.56 191.54 84.178

104 219.34 172.83 75.274

105 198.2 155.82 67.229

106 178.96 140.36 59.969

107 t61.45 126.32 53.421

108 145.54 113.57 47.521

109 131.07 102.01 42.21

I0 117.93 91.533 37.434

I1 106.01 82.039 33.143

12 95.189 73.445 29.294

13 85.382 65.67 25.845

14 76.498 58.644 22.757

15 68.457 52.299 19.997

16 61.184 46.575 17.535

17 54.612 41.416 15.34

18 48.679 36.771 13.387

Table XIII. Continued.
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119 43.327 32.593 11.653
120 38.504 28.839 10.116
121 34.163 25.472 8.7563
122 30.261 22.454 7.5558
123 26.756 19.754 6.4983
124 23.613 17.341 5.5691
125 20.797 15.188 4.7548
126 18.279 13.27 4.0431
127 16.03 11.565 3.4229
128 14.025 10.051 2.8843
129 12.24 8.711 2.4181
130 10.654 7.5261 2.0162
131 9.2479 6.4812 1.6711
132 8.0033 5.5618 1.376
133 6.9041 4.755 1.125
134 5.9358 4.049 0.91267
135 5.0848 3.433 0.73405
136 4.339 2.8972 0.58478
137 3.6871 2.4329 0.46096
138 3.1192 2.0319 0.35906
139 2.6261 1.6871 0.27597
140 2.1994 1.3918 0.20891
141 1.8316 1.1402 0.15543
142 1.516 0.927 0.11333
143 1.2464 0.7473 0.080727
144 1.0173 0.59685 0.055927
145 0.82362 0.47176 0.037476
146 0.66091 0.36858 0.024109
147 0.52514 0.28424 0.014738
148 0.4127 0.21598 0.0084359
149 0.32036 0.16136 0.0044229
150 0.24525 0.11823 0.00205
151 0.1848 0.084688 0.00078907

TableXffl. Continued.
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" 6 s in] 1/2 - _C = n .(3 - b) rc e kT (6.16)

The exponent is the ratio of the latent heat per molecule to the mean fluctuation energy per

degree of freedom, which is typically quite small, so that the exponential term may be

approximated by unity. In Eq. (6.16), b is defined as:

P, hfg

b=(Ps- PO/Ps- Ts Ps (T- Ts) (6.17)

Fisher (1948) estimates the coefficient C in Eq. (6.12) from the theory of absolute

reaction rates as:

c nk T -Aee T
- h (6.18)

where A_ is the free energy of activation for the motion of an individual molecule of liquid

past its neighbors into or away from the bubble surface, and may be considered equivalent

to the latent heat per molecule, 2Lm in Eq. (6.16).

Cole (1974) cites two additional expressions for C in Eq. (6.12): One due to Moore

(Eq. (62) in Cole) reduces to Eq. (6.16) above, and the other due to Zeldovich - Kagan

(Eq. (64) in Cole) reduces to Eq. (6.16) with b = 0.

The parts of C in Eqns. (6.16) and (6.18) excluding the exponentials, which are close

to unity, were evaluated for R-113, at atmospheric pressure over the range of liquid

superheats of 90°C - 150°C. It is obvious from the expressions themselves that these are

weak functions of system pressure, and are also relatively weak functions of the liquid

superheat. However, these two terms differ from one another by two orders of magnitude,

being 4.90 x 1038 and 3.43 x 1040, respectively, at a liquid superheat of 100°C. In

computations of the classical isothermal homogeneous nucleation temperatures by Skripov

(1974), it is demonstrated that a two order of magnitude difference in J corresponds to a

difference in the nucleation temperature between 0.7°C and 5.0°C, depending on the value

of b in Eq. (6.16), and represents a negligible difference in view of other uncertainties in

the homogeneous nucleation theories. For R-113 at atmospheric pressure and 100°C

superheat b has the value of 0.91, and a difference of 100 in J results in a difference of 5°C

in the homogeneous nucleation temperature.
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For presentpurposesit will beassumedthatC in Eq. (6.12)is constantfor a given

fluid andthatJ variesonly becauseof theGibbsNo. G.
As describedearlier,theheatersurfacefor thePBEconsistsof aflat polishedquartz

substratecoatedwith a gold film approximately400 Angstromsthick, producinga flat
heatersurface119mm x 38mm (0.75"x 1.50"). Except for a narrowbandaroundthe

edgeof the heater surface, the heat transferprocessto the fluid is a transient one-
dimensionalconductionprocess. The edgeeffectswill be neglectedin the analytical

developmentbelow,exceptit is recognizedto resultin a lowerheatflux to theliquid within
thisnarrowband. It wasdemonstratedin Figures6.22-6.24thatthecritical sizenucleation

cavityassociatedwith theheterogeneousnucleationtakingplaceisquitesmallrelativeto the

correspondingtemperaturegradientsat theselevelsof heatflux. Sincethe critical size
nucleiwith homogeneousnucleationareevensmaller,it seemsappropriateto considerthe

homogeneousnucleationtaking placeduring the transientheatingprocessto occur in a

quasi-isothermaltemperaturefield neartheheatersurface.A specificrelationshipshould
thenexistbetweentherateof formationof thecritical sizenucleiperunit volumegivenby

Eq.(6.12)andtherateof formationof thesecritical sizenucleiperunit heatersurfacearea

in thepresenceof thetransienttemperaturegradientnormalto theheater.
In amannersimilar to thatgivenby Skripov(1974),thenumberformedwithin atime

'r and within a distance x from the heater surface is given by:

17 X

n" n
= A = _ I J dx dt (6.19)

o o

where J is given by Eq. (6.12), and G(T) is given by Eq. (6.15), and T (x,t). Thus:

G(T) = G [T (x, t)] (6.20)

Expanding T(x,t) in a Taylor Series about x = 0, t = 'r, neglecting the higher order terms:

xOT3
T(x,t)=T(o,x)+ (,b-x-x)[t

+ (t - 'r)(_T'_ = o (6.21)

Expanding G(T) of Eq. (6.20) in a Taylor series about T(o, x):

G[T(x,t)]=G[T(o,'r)]+[T(x,t)-T(o,'c)] d(_-_t=°=x
(6.22)
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SubstitutingEq. (6.21)intoEq. (6.22)gives:

G[T(x,t)]=G[T(o,x)] +(t-x) 8(_-_t d(Ld-T_t=0 =0

+x ----0 ----0
(6.23)

Integrating Eq. (6.19) first with X:

x x - G[T(x, t)]

]'Jdx= ICe
o o

dx

x

=C S exp [-G(o, x)-(t- x) T GT- X Tx GT] dx

O

-xT GT /- C 6 G(o,t) (t - z) "i"G T 1
-G-T-_x xe- x e x _ (6.24)

For convenience here and below, the terms Tx, "i"and GT represent the definitions given in

Eq. (6.23). Now integrating Eq. (6.24) (and Eq. (6.19))with t:

)( /n" - C -G(o, x) -XTex GT 1 1 XTGTe - - (6.25)

GT 2 Tx 'F

The derivatives in Eq. (6.25) are all to be evaluated at the moment of nucleation. The term

GT is evaluated from:

dG _ G(T) xl(3T - Ts)GT--dT- (T- Ts) (6.26)

where G(T) is given by Eq. (6.15). It can be demonstrated that for reasonable values of x

and x the two exponentials in the brackets of Eq. (6.25) are negligible compared to unity,

so Eq. (6.25) may be written as:

-cx'G(°'x)

n" - e (6.27)

C Txa
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FromEq. (6.12),the numeratorof Eq. (6.27) representsJ evaluatedat the heatersurface
conditionsatthemomentof nucleation,or:

n" _ _ 1 (6.28)

J G2Tx

It is assumed that for a given fluid the left side of Eq. (6.28) is constant at the moment of

nucleation as any other conditions are varied, such as system pressure and/or heat flux, in

the present case. If true, it thus should be possible to predict the influence of these

variables on the temperature at which homogeneous nucleation takes place in the vicinity of

a flat heat surface under slowly varying temperatures. It thus becomes unnecessary to

assume any specific values of n" or J to compute the homogeneous nucleation temperature,

as was necessary to determine the superheat limit, or maximum value arising with large

heating rates, termed impulse heating by Skripov (1974).

Using the imposed power input to the thin film gold heater it is possible to write

expressions for the spatial and temporal derivatives in Eq. (6.28) at the moment of

nucleation in the absence of buoyant effects in microgravity, from the solution for transient

conduction in semi-infinite solids:

Tx _T= - - t-_
=O

(6.29)

/_-/x q_ /-_/
"i'= _T 1/2 1 (6.30)

- ke x tl/---_
=0

The time in Eq. (6.30) can be expressed in terms of the heater surface temperature:

2 q_ /_-_)1/2T(o,t) - Ti - ke
(6.31)

From the solution for a plane heat source at the interface of two semi-infinite solids, the

heat flux to the motionless liquid is a constant fraction of the input flux, written here as:

qe = C1 x q_ (6.32)
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SubstitutingEqs.(6.29)- (6.32)into Eq. (6.28)andrearrangingwith all constantson the
left:

J xke 3 (._'_ G2x q_3

K*-=2n,,C13 _ae) = Tn-Ti
(6.33)

Tn is the heater surface temperature at nucleation, while Ti is the initial uniform bulk liquid

temperature. The denominator of Eq. (25) can be expressed in terms of the heater surface

superheat at nucleation and the bulk liquid subcooling as:

(Tn - Ti) = (Tn - Ts) + Ts - Ti)

- (T - Ts)* + ATsub (6.34)

Substituting Eq. (6.34) into Eq. (6.33) and rearranging:

,, G 2
(T - Ts)* = qT 3 × _- - ATsub (6.35)

Eq. (6.35) is plotted in Figures 6.26 - 6.29 for R-113 as heater surface superheat at

nucleation versus the total heat flux into the gold film for the nominal system pressures

used to provide the desired initial bulk liquid subcoolings. According to the analysis here,

subcooling influences the nucleation phenomena only indirectly as to the time required to

attain a given heater surface superheat. Figures 6.26 and 6.27 are linear plots of the heater

surface superheat at nucleation versus input heat flux, while Figures 6.28 and 6.29 are

semi-log plots, logarithmic on the heat flux axis in order to cover a wider range of input

heat flux. Figures 6.26 and 6.28 include the measurements from the PBE-IA and -IC (on

the STS-47 and -60), which utilized the identical hardware, the prototype version of the

PBE system. In order to plot the data, K* in Eq. (6.35) was evaluated for PBE-IA Run

No. 9, the saturated liquid case. The superheats follow the effect of system pressure

reasonably well at the low heat flux level of 1.8 w/cm 2, but produce a higher superheat for

two of the runs at 3.6 w/cm 2. However, these all follow the influence of the heat flux

well, with the heater surface superheat increasing with heat flux. The estimated superheat

limits resulting from the classical homogeneous nucleation theory with uniform bulk liquid

temperatures are also indicated in Figures 6.28 and 6.29 for R-113. The decrease in the

superheat as heat flux is reduced, as predicted by Eq. (6.35), occurs because more time

exists for the random thermal fluctuations, always present, to produce nucleation. Such
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canbeobservedonly in a microgravityenvironment,becauseconvectioneffectsin earth

gravityprevailoverthesefluctuations.
Figures 6.27 and 6.29 include the measurementsfrom the PBE-IB (STS-57),

designatedastheFlight version,which is of thesameconstructionastheprototypewhose

dataarein Figures6.26and6.28. Insufficientgasremainedto pressurizethesystemprior
to the last Run,No. 9, of thematrix for PBE-IB (STS-57)so that this Run beganwith

residualvaporfrom the prior run. RunNo. 5 wasthususedto determineK* for Figures

6.27and6.29. Reasonablegoodqualitativeagreementis alsopresentherewith respectto

theinfluenceof bothsubcoolingandheatflux.

In all casesof thehighestheatflux levelsincludedin Figures6.26- 6.29,thestriking

behaviorarisingwith theheterogeneousnucleationdescribedearlieris obvious. Attempts

havebeenmadeto accountfor heterogeneousnucleationbehaviorby consideringthe

wetting actionof the liquid on theheatersurface,in termsof thecontactangle. A recent

exampleis thatof Iidaet al (1994). However,asindicatedin Cole(1974),the influenceof

thecontactangleis insufficientto explainthelow valuesof superheatobservedinpractice:
acontactangleof 90° reduces the superheat by only approximately 30%. For a completely

wetting liquid the predicted superheat is the same as for homogeneous nucleation.

Using the empirical value of K* in Eq. (6.33) from one Run in each physically

distinct facility, it is possible to estimate orders of magnitude of J at nucleation. For

example, using K* = 2.57 × 106 w3/°k 3 cm 6 from Figure 6.26, together with the properties

of R-113, the ratio J/n" = 1.22 x 1010 (cm-s) -1 from Eq. (6.33). If the minimum value of
-2 .

n" = 1 cm is taken as necessary for nucleation, then the rate of formation of the critical size

-1nuclei becomes J = 1.22 × 1010 cm . If the range of n" is instead taken as 103 < n"

< 106, as used by Avedesian (1985), then from Eq. (6.33) 1.22 x 1013 < J <1.22 x 1016,

which covers the range 1015 - 1022 for many organic liquids and water, as stated by

Avedesian (1985).

6.4 Bubble Dynamics

Following the initial nucleation of vapor bubbles and prior to the spreading of the

boiling process across the heating surface, for certain conditions the vapor bubbles

appeared to be spherical or hemispherical, appropriate for measurement and comparison

with predictions of spherically symmetric models. The number of film frames so obtained

are listed in Table XIV for each of the nine runs in the three space flights, and the radii

plotted as functions of time in Figures 9a m 9i of Appendices A, B, C. It is noteworthy

that consistent measurements were possible only for Run Nos. 1, 3, 4, 7. Run Nos. 1, 4,
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7 arethosehavingthehighestimposedheatflux (nominallyq_-= 8 w/cm2), andRun 3 has

thelowestheatflux (nominallyq.]-= 2w/cm2),but thehigh levelof subcooling(nominally

ATsub= 12°C). ReexaminingFigures6.22m 6.24it is furthernotedthattheseRunsalso

havethelowestlevelsof heatersurfacesuperheatatnucleation,andRunNos. 1,4, 7were

associatedwith heterogeneousnucleation.Exceptfor one(1) frameeachin RunNos.6, 8,

9 of PBE-IC (STS-60),theearly vaporbubblegrowthsof all otherrunsweresorapidor

dynamicin microgravity thatnomeasurementswerepossible.Theseconstitutethecases

with highheatersurfacenucleationsuperheatsin Figures6.22m 6.24.

TableXIV. Number of film frames obtained with hemisphericalbubbles following
nucleation.PBE-IA-IB-IC (STS-47-57-60).

Run No. Figure No. -IA PBE-IB -IC

1 9a 8 4 30

2 9b 0 0 0

3 9c 24 2 1

4 9d 2 4 30
J

5 9e 0 0 0

6 9f 0 0 1

7 39g

9h

5 27

8 0 0 1

9 9i 0 1

Based on both observations and measurements conducted in earth gravity at a/g = +

1, a/g = - 1, and in the 5.1 second NASA-Lewis drop tower, once nucleation occurred the

propagation of the boiling across the heater surface and the bubble growths could be

classified into one of six categories, termed as follows:

A. Advancement of interface by irregular protuberances.

B. Growth of mushroom-like bubble with spreading along heater surface.

C. Orderly growth of bubble with a "smooth" interface.

D. Orderly growth followed by onset of interface instabilities.

E. Energetic growth of bubble with unstable interface.

F. Slow motion of bubbles toward region of higher temperature.
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The circumstancesunderwhich thesetook placewith R-113aregiven in detail in

ErvinandMerte(1991)andin Ervinetal (1992),andwill besummarizedhere:

A tookplaceonly at a/g= +1with q._>--7 w/cm2.
B occurredonly at a/g= +1with 2 < q-_ < 7 w/cm 2.

C took place at a/g = - 1 with high levels of heat flux q_ > 7 w/cm 2.

D was observed with a/g = -1 with q._ q_< 7 w/cm 2 and a/g _=_10 -5, also with < 7

w/cm 2. However, the lowest heat flux level possible in the drop tower was q._

_=_6 w/cm 2.

E was observed only with a/g --- 10 -5 and gave rise to the explosive growth with

protuberances appearing over the entire liquid-vapor interface. The lowest heat

q÷flux possible was = 6 w/cm 2.

F occurred at a/g = -1 and a/g --- 10 -5 with q._> 7 w/cm 2. The motion is attributed

to thermocapillary effects.

Although the initial bulk liquid subcooling was expected to play a part in these

categories, its effect is not yet clear.

From examination of the photographs from the PBE-IA-IB-IC (STS-47-57-60), with

samples given in Appendices A, B, C, all boiling propagations are in either categories D or

E, depending on the combination of heat flux and subcooling. The difference between

these two categories lies in whether the bubble growth and/or propagation takes place

relatively slowly or dynamically (explosively).

The maximum camera speed of 100 pps in the PBE was not capable of following the

dynamic cases of category E. It is estimated that a framing rate greater than 3000 pps

would have been necessary. Another manifestation of the distinction between categories D

and E lies in the absence or presence of measured pressure spikes in connection with

nucleation. The rate of data acquisition for the system pressure was limited to 10 Hz (100

ms between readings), and the peak pressure can occur at any time between these

measurements. Examples of such pressure spikes can be noted in Figure A-3b for Run

No. 2, Figure A-3e for Run No. 5, in Figure A-3f for Run No. 6, and in Figure A-3i for

Run No. 9. The pressure control system was not capable of responding to this nucleation

spike, nor was it so intended.

From the films, Category D takes place with the highest heat flux and for all

subcoolings, in Run Nos. 1, 4, 7, and in Run 3, with the lowest heat flux and the largest

subcooling. All other Run Nos. 2, 5, 6, 8, 9 result in very energetic or explosive initial
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vaporbubblegrowths,CategoryE, which includeall runsat themediumheatflux q_= 4

w/cm 2 for all subcoolings, and at the low heat flux q_ = 2 w/cm 2 for low or zero

subcooling.

The spreading process of boiling across a flat heater surface and the 3 - Dimensional

vapor bubble growths constitute a complex phenomena not yet amenable to analytic

solution. However, the dynamic growth of 1 - Dimensional spherically symmetric bubbles

have been successfully modeled from the thermodynamic critical size, in which all of the

physical mechanisms acting, including surface tension, viscosity, liquid inertia, and

conduction heat transfer in the liquid have been incorporated. The cases for both initial

uniform and non-uniform superheat have been treated by Lee and Merte (1993).

The analytical results of the models are included in Figures 9a - 9i of Appendices A,

B, C, as the vapor bubble radii for the maximum and minimum growth rates,

corresponding to the initial uniform and non-uniform superheat cases of the spherical

smooth surface bubble growth models of Lee and Merte (1993). Both the measurements

and analyses apply to the absence of buoyancy in microgravity conditions. The two limits

of the models become necessary because a spherical vapor bubble is growing in an initially

one-dimensional Cartesian temperature field. Also included in Figures 9a - 9i are the bulk

liquid superheat distributions at the moment of nucleation, which provide an indication of

the initial superheated liquid boundary layer thickness relative to the early vapor bubble

dimensions.

As described above, some of the early vapor bubble growths observed on the heater

surface in the space experiments appear to be hemispherical in shape. As such, the growth

in the direction perpendicular to the flat heat surface occurs in an initially non-uniform

liquid temperature domain, while the growth in the direction parallel to the flat heater

surface can be considered as taking place in an initially uniform liquid temperature field.

The early growth of the actual bubble within a thermal boundary layer at the heater surface

occurs as a combination of the evaporation from a source whose temperature varies over

the bubble surface area.

The computation of the actual growth would entail, as a minimum, a complex and

computationally intensive solution of the transient axial-symmetric coupled two-

dimensional energy, momentum and mass equations, with unknown temperature, surface

tension and shape at the liquid-vapor interface. In the current absence of resources

sufficient to pursue this direction, it was deemed desirable to investigate the possibility for

developing an approximate model, combining the initial uniform and non-uniform liquid

superheat cases referred to above. The process of combining the cases is empirical at

present, but is based on the mechanistic view of the phenomena taking place. The
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quantificationor correlation of this process in terms of the governing parameters will be

addressed in the future.

At the time corresponding to the measurement of each vapor bubble radius, a growth

fraction Fg is computed, defined as:

(Rm - RC-NUS) (6.36)
Fg = (Rc-us - RC-NUS)

where

Rm = measured hemispherical bubble radius

RC-NUS = computed bubble radius from initial non-uniform superheat model

RC-US = computed bubble radius from initial uniform superheat model.

This growth fraction Fg can be viewed as a measure of the degree to which the

hemispherical vapor bubble growth is influenced by a combination of growth in initially

uniform superheat and non-uniform superheat domains: Fg = 1 applies to the case of

growth entirely in a uniformly superheated liquid, while Fg = 0 applies to the growth of a

spherical or hemispherical bubble symmetrically surrounded by a non-uniform temperature

distribution corresponding to the local liquid temperature distribution perpendicular to the

heater surface. For the growth in a direction parallel to the heater surface, the initially

uniform liquid superheat case, the maximum heater surface temperature is used as

computed from the two-dimensional temperature distribution over the heater surface. This

is somewhat higher than the mean surface temperature determined from the measured mean

heater surface electrical resistance, since computations indicate that the heater surface

temperature drops rapidly in the vicinity of the heater edges. This procedure makes a

difference in those cases where the initial nucleation takes place near the edges of the

heater, as occurs in some cases.

For those cases in Table XIV where three (3) or more images of growing

hemispherical bubbles were obtained, it was possible to demonstrate that taking Fg to be

constant for a particular Run appeared to be a reasonable assumption for expressing the

actual growth in terms of the combination of the initial uniform and non-uniform superheat

models. The one exception to this is Run No. 1 of PBE-IB (STS-57) in Figure B9a.

All of the Figures 9a - 9i in Appendices A, B, C follow the same format and contain

the following information:

(a) The measurements of bubble radius taken from beneath the heater surface as a

function of time, including the uncertainties.
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(b) Thepredictionsof bubbleradiusfor the initially uniform superheatmodel,with

thespecificationof thesuperheatused,whichcorrespondsto themaximum(atthecenterof
theheatersurface).

(c) Thepredictionsof bubbleradiusfor the initially non-uniformsuperheatmodel,

with thespecificationof thelocalheaterwall temperatureatthemomentof nucleationused
for this computation,determinedfrom the 3 - D conductionmodel for the substrate

temperaturedistributionfor thatrun.

(d) Thepredictionof thevaporbubblegrowthusingtheGrowthFactorFgindicated
oneachplot.

(e) Thelocal bulk liquid superheatdistributionnormal to the heatersurface,at the
nucleationlocationandatthemomentof nucleation.Thisdistributionis usedastheinitial

distributionsurroundingthehemisphericalbubbleof critical sizeto computethegrowthof

the non-uniform superheatmodel. Also indicated on theseplots are the saturation

temperature(= 0 superheat)andthemeasuredmeanheatersurfacesuperheatatthemoment

of nucleation.Fromthesaturationtemperatureit is possibleto estimatethethicknessof the

superheatedboundarylayerrelativeto thegrowingvaporbubbleradius.

Severalad-hoccommentscanbemaderelativeto Figures9a- 9i atthis time:

(1) ComparingFiguresA9a andC9a,it is notedthatthemeasurementtime period
in FigureA9a is muchshorterthan in FigureC9a. FigureA9a hasa largervalueof t*,

whichresultsin a largerheatersurfacesuperheatatnucleation,whichthenresultsin earlier

spreadingof theboiling process.

(2) For the mostpartwith Runsat thehighheatflux levels,theGrowthFactorFg
lies in therangebetween0.15and0.25,in FiguresA9a,A9g,C9a,C9d,C9g-1.

(3) Thebehavioratthelower levelsof heatflux is muchmoreerratic,asa resultof

thehigherheatersurfacesuperheatsat nucleation,which increasetheearlybubblegrowth

ratesandprovidefewermeasurementopportunities.

Oneof themodificationsmadein thematrixof PBE-IC(STS-60)RunNol 7, wasto

reducetheheatingtimeto 5 seconds,wait 5 seconds,thenbeginrepressurizationwhile the

camerawasrunning,in orderto obtaindataon thecollapserateof thevaporbubble. The

liquid wasinitially at thesaturationstate,andthesystemrequired6 secondsto achievethe

final pressure,asshownin Figure C-3g. The dataareplottedin Figure C9g-2,together

with thepredictionof thesamemodelusedfor vaporbubblegrowth. Therelatively large

uncertaintyof + 1 mm in the measured bubble radius is a consequence of the residual non-

spherical bubble shape resulting from the disturbance imposed by the pressurization, while

the uncertainty in time of 4 seconds is an estimate related to the 6 seconds required for the

pressurization to be completed. The time of t = 0 in Figure C9g-2 corresponds to to =
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25.01secondsin theexperimentaltime. Themodelassumesthatthepressurizationoccurs

instantaneouslyat t = 0. It would,of course,bepossibleto reducetheuncertaintyin time

by incorporatingatime-varyingpressureinto themodel,but thiswasnotdeemedto beof

sufficientimportanceatthis timeto warranttheadditionalexpenditureof effort required.It

is to benotedthatreasonableagreementbetweenthemeasurementsandmodelpredictions

coveraremarkabletimespanof 12seconds.

6.5 Heat Transfer to Fluid

As pointed out in connection with the bubble dynamics, the initial bubble growth in

certain cases following nucleation was so rapid that the camera speed was not sufficient to

capture the motion. Certain of these cases resulted in departures of the large vapor bubbles

formed from the heat transfer surface due to the momentum imparted to the liquid, causing

rewetting of the heater surface and sustaining the nucleate boiling process even in the

absence of buoyancy. Upon examining the photographs and the associated heat transfer

coefficients it was noted that such departures took place in Run No. 2 of PBE-IA-IB-IC

and also in Run Nos. 5 and 8 of PBE-IB. These all are Runs corresponding to the medium

level of heat flux, nominally q_ = 4 w/cm 2, which also produce the largest heater surface

superheat at nucleation, as noted in Figures 8 of Appendices A, B, C. Also common to

each of these cases is the fact that following nucleation the mean heater surface superheat

decreases and remains at low levels of on the order of 20°C, instead of subsequently

increasing due to heater surface dryout. This extraordinary drop in surface temperature is

related to the initial dynamic growth taking place, which in effect impels the large vapor

bubble formed away from the heater surface.

An example of the above is seen in the photographs of Figure C-6b, which also

clearly show the subsequent nucleate boiling taking place, from beneath the heater surface.

The associated thermal behavior is given in Figure 6.30, in which the mean measured

heater surface superheat and derived heat transfer coefficient for PBE-IC (STS-60), Run

No. 2, from the Space Flight and the a/g = + 1 Post Flight Test are combined. This is

obtained by combining Figures C-lb and C-1 lb. It is noted that for all conditions being

otherwise identical, operation in a microgravity environment with these conditions results

in an enhancement in the nucleate boiling heat transfer, manifested here by an increase in

the mean heater transfer coefficient from h = 1250 w/m2k at a/g = + 1 to h = 1600 w/m2k at

a/g _=_10 -4, an increase of about 25%.

The mean heat transfer behavior for all nine (9) Runs of the test matrix are

summarized in Table XV for all three Space Flight Experiments PBE-IA-IB-IC (STS-47-

57-60) and for the two a/g = + 1 Post Flight Tests following PBE-IA-IC (STS-47-60).
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Run

NO.

2

3

4

6

H

W/cm 2

4

2

ATsub

°C

11

11

11

2.7

2.7

2.7

0

9 2 0

Steady state mean()
[1

PBE-IA

h W/mZ.K

a/g-O
STS-47 9/11/92

700

Dry out

1230 (26)

Steady State +

Oscillatin 8

1100 (16)----) 600

Steady S. ----)

Dryout
2OO

Dry out

400 _ 200

Increased Dry
out

PBE-IA

h W/mZ.K

a/g= +1

Post Flight
11/4/92

2430 (26)
Nucleate

Boiling

1350 (25)
Nucleate

Boiling
480 (20) [350]

Non-Boiling
Convection

2280 (28)
Nucleate

Boiling
550 (49) [4301

Non-Boiling
Convection

1100 (16) 500 (26) [3501

Steady State + Non-Boiling

Oscillating Convection
(rewet)

200 2350 (27)

Dry out Nucleate

Boiling

300 ---) 200 600 (47)[400]

Increased Dry Non-Boiling
out Convection

1030 (19) _ 500 (29) [3501
200 Non-Boiling

ConvectionSteady State +

Dry out & Rewet

PBE-IB

h W/mZ.K

a/g-0
STS-57

6/2/93

700 _ 1000

Dry out
Rewet

1680 (22)

Steady State

960 (18)

Steady State

200

Dry out

1420 (26) --_

250 Steady S.

Dry out
1080 (20)

Steady State

200

Dry out

1340 (29) --_

200 Steady S.

----) Dry out
No Data

heater surface superheat (°C)

PBE-IC

h W/m2.K

a/g-0
STS-60

2/3/94

Not Applicable
Short

Experiments

PBE-IC

h W/mZ.K

a/g= +1
Post Flight 5/4/94

1930 (27)

Nucleate Boiling

1630 (19)

Steady State

950 (16)

Steady State

1250 (26)

Nucleate Boiling

500 (18)

Non-Boiling
Convection

220

Dry out

2300 (28)

Nucleate Boiling

400 ----) 200

Increased Dry
out

980 (17)

Steady State

550 (49)

Non-Boiling
Convection

500 (26)

Non-Boiling
Convection

200

Dry out

40O _ 25O

Increased Dry
out

970 (18)
20O

Steady State --_

Dry out

1930 (29)

Nucleate Boiling

570 (49)

Non-Boiling
Convection

500 (29)
Non-Boiling
Convection

"h" computed from natural convection correlation: Nu = 0.15 x Ra t/3

Table XV. Comparison of measured mean heat transfer coefficients between STS-47-
57-60 Space Flights and a/g = +1 Post Flight Tests.
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For each Run the derived mean heat transfer coefficient is given, followed in parentheses

by a mean steady heater surface superheat (when appropriate), followed in brackets by a

computed natural convection heat transfer coefficient (when appropriate for a/g = + 1),

followed by brief comments on the general behavior observed. Post Flight Tests were

conducted also at a/g = - 1 following each space flight in order to confirm the continuing

functional operation of the hardware. Although heater surface superheats at nucleation are

included for these cases in Tables VII - IX dryout occurred subsequently for all runs

because of buoyancy effects.

It is noted in Table XV that nucleate boiling at a/g = + 1 takes place only for the

highest levels of heat flux, in Run Nos. 1, 4, 7, and also in Run No. 2, for the medium

heat flux level but with the highest level of subcooling. In this latter case it appears that

subcooling is playing an anomalous role in pool boiling. The heat transfer coefficient for

PBE-IA at a/g = + 1 is the largest at h = 2430 w/m2k in Run No. 1, with the largest

subcooling, while those for Run Nos. 4 and 7 are slightly lower but almost identical at

h = 2300 w/m2k. On the other hand, for PBE-IC at a/g = + 1, h = 1930 w/m2k. For this

case the heating was terminated after 5 seconds, so a steady boiling condition was not yet

reached, as can be noted by comparing Figures A-1 la and C-1 la. The same was true for

Run No. 7 of PBE-IC.

Decreases in the heater surface temperatures accompanied by increases in the heat

transfer coefficients can be noted at particular times in both the space and post flight

experiments. For example, for PBE-IA (STS-47), these take place at the following times:

in Figure A-1 a for Run No. 1 at 65 seconds

m Figure A-lc for Run No. 3 at 110 seconds

in Figure A-ld for Run No. 4 at 50 seconds

m Figure A-lh for Run No. 8 at 65 seconds

m Figure A-li for Run No. 9 at 105 seconds.

These are all a result of activating the stirrer motor before the tests were concluded, as can

be confirmed from the test matrix given in Table A-I. Similar behaviors took place in PBE-

IB (STS-57) and PBE-IC (STS-60) when the stirrer was activated.

To be contrasted with the above, it was observed at certain times during the space

experiments, not associated with dryout immediately following nucleation, that distinct

increases in surface temperature took place accompanied by decreases in the heat transfer

coefficient. These are summarized below with the Figures in Appendices A, B, C which

indicate this behavior, together with the times of the events:
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Figure

le

lh

li

No. Run

5

8

9

No. A

80 Seconds

55 "

80 "

Appendix-PBE-

B

72 Seconds

47 "

C

50 Seconds

55 "

80 "

The increases in surface temperature taking place are attributed to the vapor bubbles

growing sufficiently large that they are pressed against the heater surface. The largest size

vapor bubble that can be accommodated in the test vessel before contact is made with the

walls is about 12 cm in diameter, and correspond to estimates of the size of the bubbles

formed at the times given above. The discrepancy noted in PBE-IC Run No. 5 is believed

due to the subcooling of the liquid and random agitation imparted by the bubbles.

An interesting question arises as to the mechanism which holds the large vapor

bubble away from the heater surface in those cases where it is initially impelled away, in

view of the presence of thermocapillary forces which would tend to move such a large

vapor bubble toward the heater surface. This behavior was observed in Run No. 2 of

PBE-IA-IB-IC and in Run Nos. 5 and 8 of PBE-IB, and is tentatively attributed to the

following, pending confirmation by computations to be conducted: Nucleate boiling takes

place in the thin liquid layer underlying the large vapor bubble in the vicinity of the heater

surface. Because of surface tension the vapor pressure within these bubbles is larger than

that in the large vapor bubble. As soon as contact is made between these coalescence takes

place, and the large vapor pressure of the small bubble impels its vapor in a jet-like action

into the large bubble. It is the net sum of the momentum transfer associated with all the

nucleating sites beneath the large bubble that counteracts the thermocapillary forces tending

to draw the large vapor bubble toward the heater surface.

In assessing the role that buoyancy and its absence in microgravity has on the

nucleate boiling heat transfer process it is important to recognize the variability that can take

place with different systems. That significant differences can occur between metallic and

non-metallic heater surfaces, particularly when the influence of surface roughness is added,

is a well-known phenomena among research workers in boiling. Considerable differences

in behavior exist even when extreme precautions are taken to achieve reproducible

circumstances. An example is given in Figure 6.31, in which the data of Kirk and Merte

(1992) and Li and Merte (1993) are presented for nucleate boiling of R-113 at such low

velocities on flat surfaces in the upward facing orientation that buoyancy dominates over

any forced convection effects. These data were taken separated by a three year interval,

with the fabrication of the polished quartz substrate and sputtered gold film separated also
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by thethreeyearperiod. Thefabricationtechniquesfollowedwereasidenticalaspractical,
but achangein theheattransfercoefficient of about30%takesplacenevertheless.The

PostFlight datafor PBE-IA (STS-47)andPBE-IC(STS-60)areincludedfor comparison.

Theseoperatedwith the identical hardware,but were separatedby a time period of 18
months,ascanbeseenfrom TablesA-II andC-II. Theseresultsarebetweentheothertwo

setsof data,with a variability that falls within the uncertaintyof + I°C in the absolute

measurement of the heater surface temperature. No Post Flight data were obtained for

PBE-IB (STS-57). The conclusion to be gained from the above is that a meaningful

assessment of how buoyancy or microgravity influence boiling is possible at present only if

provision is made for subjecting identical systems, or systems as similar as possible, to the

variation of the independent parameter under consideration m gravity in the present case.

Because of size limitations for the experimental apparatus, the Pool Boiling Experiment

was designed to function in a transient mode, providing up to two (2) minutes maximum

operating time for each Run. This is adequate for many purposes, but imposes other

limitations, the inability to use metallic substrates for the heater surface, for example. The

data of Kirk and Li shown in Figure 6.31, on the other hand, were obtained following

steady boiling taking place over an hour. Such is possible only with forced convection,

here with a low velocity.

Direct comparisons are given in Figure 6.32 of nucleate pool boiling for identical

systems operating in quasi steady state at a/g = +1 and at microgravity. A quasi-steady

operation occurred in the PBE-IA-IB-IC (STS-47-57-60) only at the high subcooling level

and at the two lower levels of heat flux. Even here, it is noted that the data point for PBE-

IA (STS-47) at the medium heat flux level (Run No. 2) was obtained with partial dry-out,

in Figure A-6b, which resulted in a higher heater surface superheat. Also included in

Figure 6.32 are the measurements of Oker and Merte (1973) obtained with R-113 in a 1.4

second drop tower. In this case the gold film heater was facing upward with nucleate

boiling at a/g = + 1 when the test package was released in an environment providing a/g <

163 . With active boiling taking place initially, the system response was sufficiently rapid

that steady conditions were achieved in the 1.4 second drop period. In all cases given in

Figure 6.32 it is clear that a significant and reproducible degree of enhancement in the

boiling process takes place at the lower levels of heat flux with some degree of subcooling.

Further measurements are necessary to identify more closely the limits of heat flux and

subcooling which precipitate the onset of dryout.

To show more clearly the relationship of the microgravity pool boiling data to the total

pool boiling process at a/g = +1, a Reference Curve for Pool Boiling at a/g = +1 was

constructed for R-113, using all available reliable data and correlations. This is plotted in
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Figure6.33,andincudesall thedatafrom Figure6.32. The nucleatepool boiling partof

theReferenceCurvewasconstructedto passthroughthe dataof Kirk andMerte(1992).

Theuncertaintylimit for dryouton fiat heatersurfacesis indicatedasshown,basedon the

PBEdataobtainedto date. A significantdecreasefrom what is termedthe CHF is to be

noted. In the absenceof forced convection, imposedby any means,it seemshighly

unlikely that aphenomenasimilar to film boiling will takeplacein microgravity,or if it
does,it will behighlysystemdependent.If aphenomenasimilar to theminimumheatflux

is observed,it is expectedto be morea spatiallyaveragedtransitionbetweennucleate

boiling andcompletedryout. Thedeterminationof suchbehaviorrequirestheability to
operatein a steadystatemode,for agivensystem.

A bettercorrelationof thenon-boilingnaturalconvectiondatain Figures6.32and

6.33with the naturalconvectionequationin Figure 6.33,from Lloyd andMoran (1974),

would result were the dataplotted asheatersurfacetemperatureminusthe bulk liquid

temperaturerather thanasheatersurfacesuperheat.The heatersurfaceh bulk liquid

temperaturedifferenceis obtainedby addingthe heatersurfacesuperheatandthebulk

liquid subcooling.As in Figure6.32,it is clearin Figure6.33thatnucleatepoolboiling is

enhancedconsiderablyin microgravity over that in earthgravity, albeit the maximum

possibleheatflux level is reducedconsiderablyby theonsetof dryout. A line is drawn

throughthemicrogravitynucleateboiling dataavailable,andcanbeextendedsmoothlyinto

thedryoutdomain.

Anothermeanssometimesusedfor comparingnucleateboiling datais on thebasisof

the heattransfercoefficient asa function of the independentvariablesof heatersurface

superheat,heat flux, or bulk liquid subcooling. A disadvantageis that one of the
parameters,the heat transfercoefficient, is derived from the parametersof the heater

surfacesuperheatandtheheatflux, andsomeinformationmaybe lost in dealingwith this

combination.However,in certaincircumstancessomeinsightsin theboilingbehaviorcan
begainedby theuseof theheattransfercoefficient.

Figure 6.34is a plot of the heattransfercoefficientasa functionof thebulk liquid

subcooling,usingthe heatflux to thefluid asaparameter.Only dataobtainedwith the

PBE hardwareunderquasi-steadyconditions,both at a/g = +1 andin microgravity,are

includedhere,whichexcludesall datawith dry-out. Thetwo conditionsof a/g= +1and

microgravity are distinguishedby open versusfilled-in data points. The distinction

betweennon-boilingnaturalconvectionat a/g= +1, with h = 500 w/m2k, andnucleate

boiling in either a/g = +1 or microgravity becomesquite clear in Figure 6.34. At the

highestlevelof heatflux, q" = 8 w/cm2, steadyboiling tookplaceonly at a/g= +1,while
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at the lowest level of heatflux, q" = 2 w/cm2, only non-boiling convectionoccurredat

a/g= +1, andsteadynucleateboilingalwaystookplaceat microgravity.
The behavior at the intermediate level of heat flux, q" = 4 w/cm2, was quite

inconsistent:At a/g= +1 non-boilingconvectionalwaystook placeat the lower levelsof

subcoolingup to ATsub= 4°C, but producednucleateboiling whenthe subcoolingwas
increasedto ATsub = 11°C. This is believed to be related to the pressureeffect on

homogeneousnucleationreferredto earlierin connectionwith nucleationin microgravity.

Only in PBE-IB (STS-57)did steadyboiling occurin microgravityat q" = 4 w/cm2for all
levelsof subcooling.For PBE-IAand-IC steadyboiling occurredonly atthehighestlevel

of subcooling,with dry-outtakingplaceassubcoolingwasdecreased.

Thequasi-steadyheattransfercoefficientsfrom PBE-IA-IB-IC (STS-47-57-60)at

a/g= +1 andin microgravityarepresentedin Figure6.35asa functionof theheatflux to

thefluid, for thehighestlevel of subcooling,ATsub= 11°C. For additionalcomparisonof

the effectsof subcooling,compositedata for low subcoolinglevels are included,from

Figure6.34. This meansthatthespecificdatapointsfrom RunNos. 1,2, 3only aregiven

here.Thediscrepancybetweenthetwodataata/g= +1 for thehighestheatflux levelmust

begivenproperinterpretation,eventhoughtheyapplyto thesamehardware:Heatingtook

placein PBE-IC(STS-60)for only 5 seconds,while in PBE-IA (STS-47)theheattransfer
coefficientincreasedfrom theearlyvalueof h = 2100w/m2kto asteadyvalueofh = 2450

w/m2k following heatingfor 55 seconds.Thesamepresumablywould havetakenplace
with PBE-IC (STS-60),andtheresultswould demonstratecompletereproducibility,even

though separatedby a time interval of 18 months. Reproducibility can also be

demonstratedfor the six (6) datapointswith high subcoolingin microgravity. The data

point labeledpartialdryout is for PBE-IA (STS-47)(RunNo. 2), andthedryout maybe

observedin Figure A-6b. This phenomenaof "steady"spatialdryoutwasuniqueamong

all thetestingthattookplacein microgravity.Usingaprocedureto bedescribedbelow,the

heat transfer coefficient over the nucleateboiling portion of the heater surfacewas

determinedfrom measurementof thefractionaldry areawith avalueof h = 1600w/m2k,

which puts it in agreementwith the other results. The plot of Figure 6.35 further
demonstratestheenhancementthattakesplacewith nucleateboiling in microgravityover

earthgravityat this levelof subcooling.Whethersuchcanbeconcludedwith a satisfactory

degree of confidence for lower levels of subcooling must await experimentation with

smaller variations in bulk liquid subcooling. A straight line extrapolation curve is drawn

through the microgravity data, labeled "Prediction Curve" here, to indicate the potential for

performance at higher levels of heat flux were some means provided to prevent premature
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dry-out. Onerealisticpossibility for implementationof this wouldbeby the useof low

velocityforcedconvection.

As describedpreviously,themeanfluid heattransfercoefficientscomputedfrom the

measuredmeanheatersurfacetemperaturesareplottedin Figuresl am li of Appendices

A, B, C for eachof the respectiveRunsof the matrix. A definite relationshipexists

betweenthe transientmeanheatersurfacetemperatureandthe heattransfercoefficient.

Theseserveto indicate,qualitatively at present,themodesof heattransferbetweenthe

heatersurfaceandfluid: conductionto theliquid; nucleateboiling; conductionto thevapor

phase(termeddryout); andcombinationsof thethreeforgoingmechanismsbasedon the

fractional part of the heatersurfaceoverwhich eachis acting. For the time being the

conductionheattransfermodeto theliquid isbeingneglectedin the interestof simplicity.

For the heat flux levels usedto date,nucleationandits propagationacrossthe heater

surfacetakeplaceearlyin theprocess,sothatthemajorpartof theheattransfersurfaceis

eithercoveredby vaporor influencedby thenucleateboiling phenomenonitself. In future

caseswheretheheatflux levelsaresufficientlylow thatrelativelysmallerportionsof the

heatersurfaceare influencedby the presenceof either nucleatingsitesor significant

amounts of vapor, the heat transfer to the stagnantliquid regions then could be

incorporated.

For thosecircumstanceswhereaportionof theheatingsurfaceis dry duringboiling
in microgravity, a procedureis used by which the mean heat transfer coefficient is

computedfor thatportion of theheatersurfaceonwhich nucleateboiling is takingplace,

usingmeasurementsof theoverallmeanheattransfercoefficientandthefractionaldry area

of the heatersurface. The procedureis describedin Appendix E, and involve several
simplifying assumptions,alsoincludedin AppendixE. Themostsevereoneundercertain

circumstancesis thattheratioof themeansuperheatoverthenucleateboilingportionof the

heatersurfaceto thatovertheentireheatersurfaceis approximatelyunity. In theprocessof

evaluatingthefractionaldry heaterareafrom thedigitizedimages,usingcommercialimage

analyzingsoftware,it was found that defining the dry-outportion of theheatersurface

requiresacertainelementof humaninterpretation,sincetheautomaticmeasurementsbased

on a definedgray scalein conjunctionwith theprocessingsoftwareavailabletendedto

producemuchlarger fractionaldry areasthanwasdeemedreasonable.Nucleatingsites

producelight shadedareassimilarto dry areas,butmakesignificantcontributionto the heat

transfer, and must be discounted in the area evaluation.

The time domains within each Run of PBE-IA-IB-IC (STS-47-57-60) over which

measurements of the dry fraction of the heater surface were made are tabulated in Table IV

of Appendices A, B, C, respectively. Following these, for each of these time domains the
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heatersurfacedry fraction andmeantemperatureareplotted in Figures 10--i, the wet
fractionandmeanheattransfercoefficientareplottedin Figures10--ii, themicrogravity

boiling heattransfercoefficientcomputedfrom Equation(E.12)is addedto theselattertwo

quantitiesin Figures10--iii,andsampleimagesaregivenin Figures10--iv.

Thenetresultsin Figures10of AppendicesA, B, C arecondensedin TableXVI in

termsof the following for eachtime domainin eachRun: Rangeof meanheatersurface

temperaturescovered;Rangeof fractionaldry heatersurfacearea;Rangeof meanheat
transfercoefficient(w/m2k); andrangeof microgravityboiling heattransfercoefficient

computedfrom Equation(E.12). For eachtime domainin eachRunthevalueslistedfor

the rangesarecorrespondingonesin the order given. All of the resultsare transientin
naturein thatvariationswith timetakeplace,andwheresinglevaluesaregivenrepresent

shortterm steadystates.Thesetransients,consistingof progressivedry-outor rewetting,

canbeviewedastakingplacein a transitionfrom completenucleateboiling to complete

dry-out,termedthetransitionboiling domainat a/g= +1.On subtractingthe saturation

temperaturefrom eachmeanheatersurfacetemperatureTsin TableXVI, theresultingmean
heater surfacesuperheatcan be multiplied by the correspondingmean heat transfer

coefficientin TableXVI to provideameanheatersurfaceheatflux. Theseareall plottedon

Figure6.36,onwhicharesuperimposedthe a/g= +1 Referencecurveof Figure6.33and

the steadymicrogravityboiling data. It is seento be possibleto constructapproximate

compositemicrogravitypool boiling curvesat this time, onefor low levelsof subcooling

and onefor the higher level of cooling, which bearsomeresemblanceto the Reference

Curve,albeitoverawiderspreadin theheatersurfacesuperheat.
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Figure 6.8. Layout of gold film heater surfaces on quartz substrate.
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Figure 6.30. Comparison of measured mean heater surface superheat and derived heat

transfer coefficient between Space Flight and a/g = +I Post Flight Test.
PBE-IC (STS-60). Run No. 2.
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Figure 6.31. Comparison of Post Flight nucleate pool boiling data with other R- 113 data
at a/g = + 1 to demonstrate variability with different systems of gold films on
quartz substrates.
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Figure 6.32. Direct comparisons of nucleate pool boiling of R-113 between identical
systems at a/g = + 1 and approximate microgravity conditions.
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Figure 6.34. All heat transfer coefficient data obtained with PBE-IA-IB-IC (STS-47-57-
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127



3000

25O0

2000

1500

1000

5OO

0

Subcool= 11 °C, Quartz Heater

Post flight (STS-47), a/g=+l

-m- Post flight (STS-60), a/g=+l

• STS-47, a/g-0

• STS-57, a/g-0

• STS-60, a/g-0

Prediction Curve

* (Partial Dryout)

[Non-Boiling Convection[

,_ a/g=+l

 g-O
Composite data

for low subcooling

' i _ l I L I i I _ i

0 1 2 3 4 5 6 7 8

Heat Flux (W/cm 2)

Figure 6.35. Quasi-steady heat transfer coefficient data as a function of heat flux to fluid,
for high subcooling level.

128



100

10

o'

i

0.1

O Transient Boiling Data for high subcooling

O Transient Boiling Data for low subcooling

• STS-47 a/g-0, Subcool=l I °C

• STS-57 a/g-0, Subcool=ll °C

• STS-60 a/g-0, Subcool=l i °C

Microgravity

Pool Boiling

Natural Convection

Nu=0.15 Ra m

q"m.x(CHF), Kutateladze (1948)

ft Reference Curve in a/g =! ]

STS-47-57-60

Uncertainty for Dryout

High Subcooli

L_w subcoolin

!
q"min, Berenson" (I 961)

Film Boiling, (1961)

I I I i i I I I

10 Heater Surface Superheat(=Tw - Tsat) (°C) 100
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7. CONCLUSIONS AND RECOMMENDATIONS

When considered historically over a sufficiently long period of time, the study of a

subject as complex as nucleate boiling can be viewed as a continuing evolutionary process.

The understanding of the various elements which constitute nucleate boiling has been

enhanced considerably as a result of improvements in measurement capabilities, and the use

of microgravity is another step in this direction.

With the completion of one phase of this study of pool boiling in microgravity,

represented by the current work, statements can be made as to what has been learned and

discovered:

a. The absence of buoyancy and the associated single phase natural convection permits

the attainment of homogeneous nucleation at low levels of heat flux.

b. The high liquid superheats obtained at nucleation produce an extremely dynamic

and unusual initial vapor bubble growth under certain conditions in microgravity

which appears to be associated with an instability problem, and which results in

an unusual interfacial behavior.

c. In certain circumstances where rapid expansion of the boiling front takes place,

vapor bubbles appear to be formed both within the residual liquid microlayer

remaining on the surface as this front passes by, and in advance of the boiling

front.

d. It appears that long term steady-state nucleate boiling can take place on a fiat heater

surface in microgravity with a wetting liquid under conditions in which a large

vapor bubble somewhat removed from the heater surface is formed, which acts

as a thermal sink to remove the nucleating bubbles from the heater surface.

e. The steady nucleate boiling heat transfer is significantly enhanced in microgravity

compared to that in earth gravity.

f. Related to (d) above, surface tension has an important role in producing dryout

and/or rewetting on a heated surface. The circumstances describing this remain

to be explored further, but the heat flux at which dryout occurs is considerably

less in microgravity than in earth gravity.

g. Using the quasi-steady data obtained during the periods in which some significant

portions of the heater surface were dried out it was possible to construct two

distinct composite approximate microgravity pool boiling curves for R-113, one

for the higher level of subcooling and one for the lower level of subcooling.

This is compared with a Reference Curve for pool boiling at a/g = +1,
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constructedfrom all available data and correlations deemedto reasonably

representthecircumstancespresent.Themicrogravitypool boiling curvesbear

someresemblanceto theReferenceCurve,althoughthemaximumheatflux is

reducedconsiderably,andthedifferencebetweenthemaximumheatflux andthe

minimum(film boiling)heatflux isalsoreducedconsiderably.

Basedon theexperiencegainedduringtheconductof theexperimentationandin the

analysis of the results, a number of recommendationscan be set forth for further

experimentsin microgravity usingthe samehardwarewith minor revisions. Theseare

listedbelow,but in noparticularorderof importance:

i. A film or videocamerahavingbothhigherframingspeedsandhigherresolution

wouldbedesirablefor studyingtheearlybubbledynamicsof theenergeticgrowthcasesin
detail.

ii. Repeattestsat subcoolinglevelsbetween2 and11°C atheatflux levelsbetween4

and 8 w/cm2 to determinemore precisely the upper limits of nucleatepool boiling
enhancement.

iii. Conductexperimentsat considerablylower levels of heat flux at low or zero

levels of subcoolingto determinethe lower limits of heatflux, if any,of nucleatepool
boilingandnucleatepoolboiling enhancement.

iv. Repeattestsathigh levelsof subcoolingto determineif thedryoutheatflux can
beincreased.

v. Energizebothheaters,eithersimultaneouslyand/orsequentially,with identicalor

different levels of heat flux to study interactionsandcoalescencesof vaporbubblesin

microgravity. Thelatter constitutesan importantareafor modelingof bubbledynamics.
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FIGURE : MEASURED FLUID TEMPERATURES
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FLUX (F) ON/OFF ON/OFF
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Figure A-4a.

STS 47 - RUN#1

STIRRER REPRESS TOTAL

START START TEST TIME

65 sec. - ......... 80 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IA
(STS-47). Run No. 1.
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FIGURE : MEASUREDFLUIDTEMPERATURES STS 47 - RUN#2

HEAT SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

FLUX (F) ON/OFF ON/OFF START START TEST TIME
4 20 ± 2 10-100 sec. 15-25 sec. - .............. 130 sec.

Figure A-4b. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IA
(STS-47). Run No. 2.
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FIGURE : MEASURED FLUID TEMPERATURES STS 47 - RUN#3

HEAT SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

FLUX (F) ON/OFF ON/OFF START START TEST TIME

2 20 ± 2 10-120 see. 30-50 see. 110 see. - ......... 130 see.

Figure A-4c. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IA
(STS-47). Run No. 3.
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FIGURE : MEASURED FLUID TEMPERATURES STS 47 - RUN#4

HEAT SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

FLUX (F) ON/OFF ON/OFF START START TEST TIME

8 05 -+ 1 10-55 sec. 10-15 sec. 50 sec. - .... - .... 65 sec.

Figure A-4d. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IA
(STS-47). Run No. 4.
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FIGURE : MEASURED FLUID TEMPERATURES STS 47 - RUN#5

HEAT SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

FLUX (F) ON/OFF ON/OFF START START TEST TIME

4 5 ± 1 I0-100 sec. 15-25 sec. - ................. 105 sec.

Figure A-4e. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IA
(STS-47). Run No. 5.
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FIGURE : MEASURED FLUID TEMPERATURES STS 47 - RUN#6

HEAT SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

FLUX (F) ON/OFF ON/OFF START START TEST TIME

2 5 - 1 10-105 seco 30-50 sec. - ................. 115 sec.

Figure A-4f. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IA
(STS-47). Run No. 6.
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Figure A-4g.

: MEASUREDFLUIDTEMPERATURES STS 47 - RUN#7

SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

(F) ON/OFF ON/OFF START START TEST TIME

.5 ± .4 10-40 sec. 10-15 sec. - ....... 45 sec. 55 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IA
(STS-47). Run No. 7.
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Figure A-4h.

: MEASURED FLUID TEMPERATURES STS 47 - RUN#8

SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

(F) ON/OFF ON/OFF START START TEST TIME

.5 - .4 10-70 sec. 15-25 sec. 65 sec. - ....... 80 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IA

(STS-47). Run No. 8.
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Figure A-4i.

STS 47. RUN#9

STIRRER REPRESS TOTAL

START START TEST TIME

105 sec. - ....... 125 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IA
(STS-47). Run No. 9.
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Figure A-5a.
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: MEASURED HEATER-UNDERSIDE TEMPERATURES STS 47 - RUN#1

SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

(F) ON/OFF ON/OFF START START TEST TIME

20 + 2 10-70 sec. 10-15 sec. 65 sec. - ......... 80 sec.

Measured fluid temperatures near secondary heater and heater underside. PBE-IA
(STS-47). Run No. 1.
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Figure A-5b.

STS 47 * RUN #2

REPRESS TOTAL

START TEST TIME

.......... 130 sec.

Measured fluid temperatures near secondary heater and heater underside. PBE-IA
(STS-47). Run No. 2.
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Figure A-5c.

: MEASURED HEATER-UNDERSIDE TEMPERATURES STS 47- RUN#3

SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

(F) ON/OFF ON/OFF START START TEST TIME

20 -+ 2 10-120 sec. 30-50 sec. l I0 sec. - ......... 130 sec.

Measured fluid temperatures near secondary heater and heater underside. PBE-IA
(STS-47). Run No. 3.
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FIGURE : MEASURED HEATER-UNDERSIDE TEMPERATURES STS 47 - RUN #4

HEAT SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

FLUX (F) ON/OFF ON/OFF START START TEST TIME
8 5 - 1 10-55 sec. 10-15 sec. 50 sec. - ......... 65 sec.

Figure A-5d. Measured fluid temperatures near secondary heater and heater underside. PBE-IA
(STS-47). Run No. 4.

A-45



A. Mean Heater Surface Temperature

150

D.

13
130

_ 110
o

E

0
U

7o

5O

55

I0 20 30 40 50 600 70 80 90 1130

Tlmo, sec

--- TM07
-- TM08 .... TM09 ]__

110

Eo

13

.2
250
0

E

45

65

I I i I I I I I I I

I 0 20 30 40 50 60 70 80 90 I O0

Time, see

-- TM11 TM12 .... TM13 L--

110

0 55

E
45

35

FIGURE

HEAT

FLUX

4

Figure A-5e.
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STS 47 - RUN #5

REPRESS TOTAL
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105 sec.

Measured fluid temperatures near secondary heater and heater underside. PBE-IA
(STS-47). Run No. 5.
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FIGURE : MEASURED HEATER-UNDERSIDE TEMPERATURES STS 47 - RUN #6

HEAT SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

FLUX (F) ON/OFF ON/OFF START START TEST TIME

2 5 ± 1 10-105 sec. 30-50 sec. - ................ 115 sec.

Figure A-5f. Measured fluid temperatures near secondary heater and heater underside. PBE-IA
(STS-47). Run No. 6.
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FIGURE : MEASURED HEATER-UNDERSIDE TEMPERATURES STS 47 - RUN#7

HEAT SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

FLUX (F) ON/OFF ON/OFF START START TEST TIME

8 .5 - .4 10-40 sec. 10-15 sec. - ....... 45 sec. 55 sec.

Figure A-5g. Measured fluid temperatures near secondary heater and heater underside. PBE-IA
(STS-47). Run No. 7.
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Figure A-5h.

SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

(F) ON/OFF ON/OFF START START TEST TIME

.5 ± .4 10-70 sec. 15-25 sec. 65 sec. - ....... 80 sec.

Measured fluid temperatures near secondary heater and heater underside. PBE-IA
(STS-47). Run No. 8.
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HEAT SUBCOOLING HEATER POWER 100 FPS STIRRER REPRESS TOTAL

FLUX. (F) ON/OFF ON/OFF START START TEST TIME

2 .5 ± .4 10-115 sec. 30-50 sec. 105 sec. - ....... 125 sec.

Figure A-5i. Measured fluid temperatures near secondary heater and heater underside. PBE-IA
(STS-47). Run No. 9.
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STS-47 Run #1

!

Frame#0158 time=l 1.58 sec. Frame#0161 time=l 1.60 sec.

Frame#0163 time= 11.62 sec. Frame#0166 time= 11.65 sec.

Frame#0169 time= 11.68 sec. Frame#0194 time= 11.93 sec.

Figure A-6a. Selected Photographic Images. PBE-IA (STS-47). Run No. 1.
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STS-47 Run #1

Frame#0511 time= 15.09 sec. Frame#0000 time= 17.20 sec.

Frame#0013 time= 18.50 sec. Frame#0742 time=36.98 sec.

Frame#0859 time=48.67 sec. Frame#0970 time=59.77 sec.

Figure A-6a. Continued.
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STS-47 Run #2

Frame#0783 time=22.38 sec. Frame#0784 time=22.39 sec.

Frame#0785 time=22.40 sec. Frame#0786 time=22.41 sec.

Frame#0787 time=22.42 sec. Frame#0788 time=22.43 sec.

Figure A-6b. Selected Photographic Images. PBE-IA (STS-47). Run No. 2.
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STS-47 Run #2

Frame#0795 time=22.50 sec. Frame#0817 time=22.72 sec.

Frame#0952 time=24.06 sec. Frame#0385 time=61.93 sec.

Frame#0744 time=97.81 sec. Frame# 1016 time= 124.99 sec.

Figure A-6b. Continued.
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STS-47 Run #3

Frame#1233 time=41.39 sec. Frame# 1236 time=41.42 sec.

Frame# 1258 time=41.64 sec. Frame#1259 time=41.65 sec.

Frame#1260 time=41.66 sec. Frame#1264 time=41.70 sec.

Figure A-6c. Selected Photographic Images. PBE-IA (STS-47). Run No. 3.

A-55



STS-47 Run #3

Frame#1276 time=41.82 sec. Frame#1408 time=43.13 sec.

Frame#1623 time=45.27 sec. Frame# 1877 time=47.80 sec.

Frame#2603 time=98.60 sec. Frame#2717 time=110.00 sec.

Figure A-6c. Continued.
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STS-47 Run#4

Frame#0134 time=11.34sec. Frame#0135 time=11.35sec.

Frame#0136 time=11.36sec. Frame#0137 time=11.37sec.

Frame#0140 time=11.40sec. Frame#0143 time=l 1.43sec.

FigureA-6d. SelectedPhotographicImages.PBE-IA (STS-47).RunNo. 4.
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STS-47 Run #4

Frame#O 153 time=l 1.53 sec. Frame#0179 time= 11.79 sec.

Frame#0245 time= 12.45 sec. Frame#0423 time=14.22 sec.

Frame#0567 time= 19.82 sec. Frame#0092 time=29.00 sec.

Figure A-6d. Continued.
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STS-47 Run#5

Frame#2098 time=26.15sec. Frame#2099 time=26.25sec.

Frame#2100 time=26.35sec. Frame#2102 time=26.55sec.

Frame#2104 time=26.75sec. Frame#2108 time=27.15sec.

FigureA-6e. SelectedPhotographicImages.PBE-IA (STS-47). RunNo. 5.
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STS-47 Run #5

Frame#2111 time=27.45 sec. Frame#2119 time=28.25 sec.

Frame#2144 time=30.75 sec. Frame#2250 time=41.36 sec.

Frame#2465 time=62.88 sec. Frame#2708 time=86.22 sec.

Figure A-6e. Continued.
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STS-47 Run #6

Frame# 1843 time=47.46 sec. Frame# 1844 time=47.47 sec.

Frame# 1845 time=47.48 sec. Frame# 1846 time=47.49 sec.

Frame#1848 time=47.51 sec. Frame# 1854 time=47.57 sec.

Figure A-6f. Selected Photographic Images. PBE-IA (STS-47). Run No. 6.
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STS-47 Run #6

Frame# 1916 time=48.19 sec. Frame#2195 time=58.00 sec.

Frame#2300 time=68.52 sec. Frame#2416 time=80.14 sec.

Frame#2620 time= 100.58 sec. Frame#2726 time=l 11.20 sec.

Figure A-6f. Continued.
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STS-47 Run #7

Frame#0164 time= 11.34 sec. Frame#0166 time= 11.36 sec.

Frame#0169 time= 11.39 sec. Frame#O 170 time= 11.40 sec.

Frame#0174 time= 11.44 sec. Frame#0201 time= 11.71 sec.

Figure A-6g. Selected Photographic Images. PBE-IA (STS-47). Run No. 7.
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STS-47 Run #7

Frame#0213 time= 11.83 sec. Frame#0256 time=12.24 sec.

Frame#0323 time= 12.92 sec. Frame#0536 time= 15.04 sec.

Frame#0650 time=25.10 sec. Frame#0841 time=44.23 sec.

Figure A-6g. Continued.
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STS-47 Run #8

Frame#0611 time=20.63 sec. Frame#0612 time=20.64 sec.

Frame#0614 time=20.66 sec. Frame#0619 time=20.71 sec.

Frame#0624 time=20.76 sec. Frame#0634 time=20.86 sec.

Figure A-6h. Selected Photographic Images. PBE-IA (STS-47). Run No. 8.
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STS-47 Run #8

Frame#0671 time=21.22 sec. Frame#0827 time=22.78 sec.

Frame#1099 time=28.19 sec. Frame#1205 time=38.81 sec.

Frame#1379 time=56.27 sec.

Figure A-6h.

Frame#1433

Continued.

time=61.67 sec.
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STS-47 Run #9

Frame#2229 time=51.48 sec. Frame#2230 time=51.58 sec.

Frame#2232 time=51.78 sec. Frame#2234 time=51.98 sec.

Frame#2238 time=52.39 sec. Frame#2256 time=54.19 sec.

Figure A-6i. Selected Photographic Images. PBE-IA (STS-47). Run No. 9.
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STS-47 Run #9

Frame#2302 time=58.81 sec. Frame#2407 time=69.34 sec.

Frame#2495 time=78.18 sec. Frame#2607 time=89.42 sec.

Frame#2743 time=103.07 sec.

Figure A-6i.

Frame#2828

Continued.

time= 111.63 sec.
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STS-47 Run #1

t= 11.51 sec t= 12.58 sec t= 13.67 sec t= 14.73 sec

t=15.82 sec t=16.91 sec t=17.91 sec t=19.11 sec

Figure A-10a-l-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 1.
Time interval: 11.5 - 20.0 seconds.
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STS-47 Run #2 (Region #1)

t=22.46 sec. t=23.86 sec. t=25.06 sec. t=26.67 sec.

t=28.07 sec. t=29.47 sec. t=30.87 sec. t=32.06 sec.

Figure A-10b-l-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 2.
Time interval: 22.5 - 32.0 seconds.
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STS-47 Run #2 (Region #2)

t=65.02 sec. t=66.42 sec. t=67.82 sec. t=69.22 sec.

t-70.62 sec. t=72.02 sec. t=73.42 sec. t=75.02 sec.

Figure A-10b-2-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 2.
Time interval: 65 - 75 seconds.
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STS-47 Run #2 (Region #3)

t=95.01 sec. t=95.61 sec. t=96.21 sec. t=96.81 sec.

t=97.41 sec. t=98.01 sec. t=98.61 sec. t=99.41 sec.

Figure A-10b-3-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 2.
Time interval: 95.0 - 99.5 seconds.
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STS-47 Run #3, Region 1

t=41.63 sec t=41.78 sec t=42.68 sec t=43.58 sec

t=44.48 sec t=45.38 sec t=46.28 sec t=47.18 sec

Figure A-10c-l-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 3.
Time interval: 41.5 - 48.5 seconds.
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STS-47 Run #3, Region 2

t=83.49 sec t=84.49 sec t=85.49 sec t=86.49 sec

t=87.49 sec t=88.49 sec t=89.49 sec

Figure A-10c-2-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 3.
Time interval: 83.5 - 90.0 seconds.
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STS-47 Run #4

t=l 1.49 sec t=12.57 sec t=13.60 sec t=14.68 sec

t=15.80 sec t=16.80 sec t=17.90 sec t=18.89 sec

Figure A-10d-l-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 4.
Time interval: 11.4 - 20.0 seconds.

A-I08



=It=
e,
.2
ol

=It=
e-

n-
_c

I

I-
(/)

0

1=
=l

I-

>

L-

'WW#

t_
L.

I=
G)
I,-

0

(/)
"0
e,

0
im

m
ee

E'
e_

0 'eJn),eJedme.I. eoejJnS

o o
o

o o d o o o o o o

o!;eEI AJQ

co

0o
04

p,.

"T,
c_

<

_Q

_-' "0

c_

e_

.

O _C'q
0

_ _.=

_d

• °

A-109



o
o
u')
o4

o
t_

o
O
o

;ue!o!_eoo JelSUeJj. ;eeH
O O O O
LO O Li_ O
D'- Li_ C'_ O

O
CO
D'-

O
O
LO

O

Cq O

CO
(O

A

t-
O
Im

n-

U'J

:3

n-

|

L.

O

E
IE

F-

>

C

Ii

U
ml

O

O
i-

t"

-r
-o
e.
m

o
im

n-

Q_

._.9.

o
o

o_

I

4

O,J q

@x@,

._°

>
jo

o_

/4

je

>
o,

4/4/'4

_#
0,

@-

@\@

@/

%

C

<
>

<

)
(
)

(

/@

@/@

°_..

,S

(
>

<

/

t_

o

0
¢D

d

p-

<

tJ
.,M

c; O
_J

_m
I

.=,d
c-,I

_ °0

"g6
_Z

_[--,

o 6 d o d d o o o

o!;eEl;eN_

(D
O4

O

A-IIO



0 0 0 0 0
0 0 0 0 0

()l'i_v"'/M) _1

0

"i'i

A-Ill



STS-47 Run #5, Region 1

t=26.65 sec t=27.75 sec t=28.75 sec t=29.85 sec

t=30.85 sec t=31.95 sec t=32.95 sec t=34.05 sec

Figure A-10e-l-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 5.
Time interval: 26.5 - 35.0 seconds.
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STS-47 Run #5, Region 2

t=69.99 sec t=72.49 sec t=75.00 sec t=77.50 sec

t=80.00 sec t=82.51 sec t=85.01 sec t=87.52 sec

Figure A-10e-2-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 5.
Time interval: 70.0 - 90.0 seconds.
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STS-47 Run # 6

t=50.79 sec t=51.79 sec t=52.79 sec t=53.79 sec

t=54.79 sec t=55.79 sec t=56.79 sec t=57.79 sec

Figure A-10f-l-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 6.
Time interval: 50 - 58 seconds.
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STS-47 Run #7

m
t=11.51 sec t=l 1.95 sec t=12.40 sec t=12.84 sec

t= 13.28 sec t= 13.70 sec t= 14.15 sec t= 14.59 sec

Figure A-10g-l-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 7.
Time interval: 11.5 - 15.0 seconds.
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STS-47 Run #8, Region 1

t=20.72 sec t=22.51 sec t=24.30 sec t=26.09 sec

t=27.89 sec t=29.69 sec t=31.50 sec

!i° _i!!!_<iiii_i.... i!_,

t=33.30 sec

Figure A-10h-l-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 8.
Time interval: 21 - 35 seconds.
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STS-47 Run #8, Region 2

t=50.04 sec t=51.34 sec t=52.54 sec t=53.85 sec

t=55.05 sec t=56.35 sec t=57.56 sec t=58.76 sec

Figure A-10h-2-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 8.
Time interval: 50 - 60 seconds.
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STS-47 Run # 9 (S1)

t=61.92 sec t=62.72 sec t=63.52 sec t=64.32 sec

t=65.13 sec t=65.93 sec t=66.73 sec t=67.54 sec

Figure A-10i-l-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 9.
Time interval: 61.5 - 67.5 seconds.
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STS-47 Run #9 ($2)

t=80.59 sec t=81.19 sec t=81.79 sec t=82.39 sec

t=82.99 sec t=83.59 sec t=84.19 sec t=84.79 sec

Figure A-10i-2-iv. Sample images showing dryout/rewetting. PBE-IA (STS-47). Run No. 9.
Time interval: 80.5 - 85.5 seconds.

A-140



Oo 'eJ_oJedu.le.Leoo_n$

)l'_IM'q

0

o

A-14I



Oo 'eJn|DJeduJe.I. eoojJns

0
I1)

d
E

>

e"

c_

_o
_Z

0 _

II

<

L,

)r=uJ/hVq

0

0

A-142



:Do 'eJnioJed_eL eoo_n$

° 8

0
eO

0

0

)l'_IM'q

0

b.

¢)

¢)

2

f_ .
_o
_Z

°_

II

d

"7
.<

A-143



Oo 'eJn|DJeduJej. eoopns

<

/

cO

)l'_UU/h_'q

O4

0

0

A-144



Oo 'eJn_,omduJe.l.eoo,uns

o 8
O4 0 _ 0,--- ,'-- 00 _I"

0
O4 0

8

0
co

0
ID

E

_Z

.=[..

,._ e-

13

II

.<

013

)l'_UJIM 'q

0

0

A-145



0
o4 8

:3°'eJnloJeduJeleoopn$

0 0 0
o0 ,0 '_*

0
cq 0

0

,0

C

Iv

O,

I14

a,.

E
,m

>

J-- CO

U II

_ 0

¢=

0
q

¢,.
0

U
0

¢-
0
U

E

_J

-O

0

D

O_

E

{3

9

/

/J"

E %
_ o

E 4#

IJ

o _

r-

r-

,I

e____

-g_
-f_

I

0
P_

0
,0

0

0

0

_i'_U/M'q

0

0

0
a)

6
E

°_

r_

c_

c_

E_ .
_o
_Z

_r._

II
e-

_4

.<

A-146



Q¢

/'L

i=

.o

I--
0
(J

:3
¢/)
C
o

"o

0

G)
0
(J

C
o

¢=
U
0
>

o
tO

o
c',J 8

Oo 'eJnloJeduJel eoo_ns

oo

D
... E

2 2 "-

__ E E
L.t-: _

., E

i\ ,

o o o

\

r-

0
._o
-I,--

0 \

<
C3

i

l

)l'_UU/M'q

o

o

0

o

°_
I 1.

o

o

r-

c_

c,,r_
E .
_o
_Z

_r,¢l

II

"7
<

._

A-147



cO
r=

e_
O_

I.M

E
l=i

>

.o

o_
U II

_ 0
m.*"
e- Cr

tl)

t-
O

0
0
U

,,r

t-
o

=1

@
0

0
¢J

o 8

J

g

E

c_
I

121
o

.I

O
c-

<

a

\

Oo 'eJnloJedcuej. eoojJn$

o o o o

i

c
(I)

E

8

i

-....

i
\.

o
o

o
,,o

o

(3

E
°_
II

o
co

o
c_

o
e-.

>

_o
eZ
o

o _

e_

II

,4

<

)l'_WlM'q

o

o

A-148



:90'eJnloJedLueleooJJnS

cO ("4 _ ,--- _

)l'_U/M'q

0

0

A-149



_=_

=

cq

t.

>

m

O

oO

J

* L

Z

,'-s

v_ rJ)

<

"-s

..,,q

ss=_

. ,j,,q

o

+

II

('4

cd
c q
s==,_

-s

A-150



_t

,m

>

_t
m

o

J

t t

":3"

' I I

:,_O/A _ 'xn|_ le_I-I

o

dO0

Z

<

o,,.q

°,,-i

O

II

Q

<

A-151



::I:1::

=
=

eq

=

=

O

J

i ,

_m_IAA 'xnh:I le_H

t'q

(,.q

o

°_

t--,

i/3

t*"q

r_
6
z
e-,

r._
[..,
r.z}

<
"7

e_
°,,q

=

¢)

..=

°_

O

-t-

II

et0

¢,q

"7
<

,--i

A-152



eq

w=q
w=q

t.,

>

u

O

oo

r_

"7
J

L i

ctU01A_'xnl_Ia_0H

',O

O

c'q

Q

O

',O

E

6
Z

r_

r.z2

c/2

'T

,"I

c/2
o

+
II

A-153



¢,q

o_u

m

t_

.q
0

n J

oo
ce_

i

ed

rtUO/A% 'xnl_I m0H

t_

o

o
oO

6
Z

<

.,.-

° ,,,,q

0

m +

II

o

A-154



L

¢q

)

OO

t t i

o

oo

o

.n

d
Z

n¢

L-_.

nn

0_j

°t,q

+
It

¢,,I

_J

OJO

A-155



:1:1:

eq

t..,

>

m

m
m

O

oo
r-:

•.-. ;,

J i

l:tUO/AX'xnl_ 1_oH

t<
d
Z

:::3

t"-

Oq

Ct)

<

,--,t

° ,*.,t

=

m

4,.=*

,*,,.,*

O

+
II

t:m

,.=,

eq

"7
<

• .,..,,

f.l.,

A-156



o0

=

¢,q

t.,

>

m

o

i

ctUO/A_'xnlzI leZH

¢'q

t_

o6

6
Z

ra_

<

E
[--, ,d

ra_

¢_ etO
. ,,.-i

O

+

II

¢.q

o

c'q

'7
<

._._

I.r.,

A-157



:1:1:

t..,

.s.

>

u

0

,)

- ¢".1

0

o 6
Z

,--1

[.-,

<

E

Q

+

i

t-,q

cq

"7
<

o ,-1

A-158



r-

O_

_r

I-m

LLi

Q..

E
,m

>

o
Q.

E
o
I/)
>,

C/)

"(3
t-
O

13
,m

O"
,m

o

O

X
m
LI.

o

-I"

o,

Dd}t 'eJnsseJd

co

i

c

r_ ,o co

<

co
_T
r--

c_
_T
e..

c)
r_

o
co

o

o

o
co

o
C_

C3

<

o

°_

_J

c_

_d
_z
E: =_., :=

+_,

<

i;vUJO/M 'p!nb!l ol Xnhl ;oeH

04
C3

C)

A-159



t-

Q_

c_
O_

Imm

LM

Q.

E
,m
i--

a)
ira.

a.

E

>,
u')
13
t-
O

"0
,m

.g"

2
0

0

X
_=

0
0

-r"

co

Od_l 'eJnsseJd

0 ,0 C_ cO

_vUUO/M 'p!nb!l o; xnl:l IoeH

o'3

C)

U
0
0

_E
I=-

CD
_T

0

C)

0

0

<

Lu

.,,.q

r-

r_3

E

r./3

_d

,ut._
+_
II r/_
u_["

A-160



o_

LU

Q.

G
E

,m

0

2
a.

e"

,m

CT
,m

0

r-
E

0

co

C_

A
AL

Od_t 'emsseJd

co co

m

m

-=I r

i

_vUJOlM 'p!nbn o! JejsuoJL 1oeH

C3

I',,,

C3
C_

8

C)
co

C3

C)

U

E
I-.

<

°_,._

0

..c:

_J

>,

.-,d
_z

,.... i_ ,

+_
II r._

d

:3

A-161



==
rv

a.,

E
=E
im

v;
>

(I)
Ih=

:3

u'J

E
(1)

>,

"1o

o
lo
,m

(3"
_J

2
o

.2o
X

_=
u_

o

-r,

u3
c_

Od_ 'eJnsseJd

u-)

q
4 ..--.-

=

:=..

_=..-

--)

CO -0 _'N cO

i

o,

i;vUJO/M 'p!nb!l o,Lxnl:l ;oeH

c)

c3

c)
u3

c)

0
(D

c)

E
I,--

c)
L'N

C)

C3

<

a_
eL,

. ,,.,=

C3

¢,/3
¢)

E

_3

>.,

,..,d

"-_ t".
+=,
II r._

_J
L.

:=
..,._

A-162



Od_t 'eJnsseJd

u'_ to to)

cO C_ C_ "- _ 0

ev

a,, ,

a-

0

8

0

0
p_

0

0

R

0

U
0

d
E

°_

<

_5

°_

,-,i

0

° ,,-,i

_4

_d
_z

+_-,

<

_ 0 cO ,_ _ _4

i;vUJO/M 'p!nb!l o,_xnl:l loeH

0

0

A-163



'¢D

t-
:3

uJ

D.

E
,m

>
0
:3

0
O,.

E
(i)

>,

"0
C
_3
'10
::3
.g"
_J

0

0

x
:3

m
u_

13
0
'-i-

Od)l 'eJnsseJd

i.o L_
CO c_ _ C',,I

CO

_vWO/M 'p!nbR ol xnl:l ;Dell

to

e.--

o
c,,,I

8

o
co

c3

c3
c_

c)

c3

U
0

.E_
I,--

<

u-I

....q
,m

o

°,..q

::3

c_

1.1

c_

*-, c_

D.,

+_
li r/_

.,==_

LT.

A-164



0
co

0

Od_t'eJnsseJd

° 8c_ 0 0
_T

Q_

III

M.I

Q.

E
,i
II

Q.

E
0

>,

13
t-
o

"0
,m

_3

.g"
,iI

2
13

o
x

m
u_

0

.,!-

_k

\

I

0

0

0

0

<

0

.,.q

0
0

E
°i

E

-d
_z

+'T

_0

C_I Cxl C_l ,-- ,--

_vUJO/M 'p!nbrl oi xnld IOeH

0

C3

A-165



Od)l 'eJnsseJd

0
e--

_vtUO/M 'p!nb]l ol xnl-I loeH

C/3

:::3

+_
II r_
oo["

(:3
CN

C3

°_=_

(:D

A-166



Od_t 'eJnsseJd

i:vuJO/M 'p!nbn pJoMoi xnl:l loeH

C_

0

A-167



Appendix B. PBE-IB (STS-57). Experimental Results

Page No. B-

1. Table B-I. Test matrix for PBE-IB (STS-57). (Prototype Hardware) ...................

2. Table B-II. Measured parameters at a/g = -1, a/g = +1, and Space Flight ................

3. Table B-In. Summary of relatively larger acceleration excursions during
PBE-IB (STS-57) ................................................................................

4. Figures B-lamB-li. Mean heater surface temperature and derived heat
transfer coefficient. PBE-IB (STS-57). Run Nos. 1-9 ......................................

5. Figures B-2a m B-2i. Heat flux input. PBE-IB (STS-57). Run Nos. 1-9 .............

.

.

.

o

10.

11.

12.

13.

14.

Figures B-3a-- B-3i. System pressure and fluid side mean heat flux. PBE-IB
(STS-57). Run Nos. 1-9 ......................................................................

Figures B-4a-- B-4h. Measured fluid temperatures near primary heater and far
field bulk liquid. PBE-IB (STS-57). Run Nos. 1-8 .......................................

Figures B-5a--B-5h. Measured fluid temperatures near secondary heater and heater
underside. PBE-IB (STS-57). Run Nos. 1-8 ................................................

Figures B-6a m B-6i. Selected Photographic Images. PBE-IB (STS-57).
Run Nos. 1-9 .....................................................................................

Figure B-7. Nucleation Delay Time. Comparisons with ground testing and
drop tower correlation. PBE-IB (STS-57) ...................................................

Figure B-8. Mean heater surface nucleation superheat. Comparisons with ground
testing. PBE-IB (STS-57) ......................................................................

Figures B-9a _ B-9h. Comparisons of bubble growth measurements with several
models. PBE-IB (STS-57). Run Nos. 1-8 ..................................................

Table B-IV. Index for heater surface dry fraction measurements and computation of
microgravity nucleate boiling heat transfer coefficients. PBE-IB (STS-57) ..............

Figures B-10a D B-10h. Development of microgravity boiling heat transfer coefficients
from heater surface dry fraction and mean heat transfer coefficients. PBE-IB (STS-57)
Run Nos. 1-8 .....................................................................................

6-14

15-23

24-32

33-41

42-50

51-68

69

70

71-78

79

80-132

B-1



[-

00 _ en 0 0 c',l

LT.I

i I I I I

{-

t"-

r,_

r._

0
0_

c_ _ _ c_ v'_

,-, C_l ,=.., C_l

•..=, c',,I t_

0 0

0 +I _ ÷I +I +I +I ÷I +I

•.-, 0

.0

[...

t..,

¢)

t_

B-2



I

J

i

: i I

r

iiil
i i ,
I I ; I I

i ili i i ,
I ,

!o£11_ Ill
,--_U; C): (:_1 0

' ,El _ro, l_

i itt=!_c]idic]

i , i ; lO:{_lLt)
, _ * (:30I l,._

I I a.: ;

i_o_ _°_i'°,_,_
I--.,0

,.o!,.oi,.o

I

i ,'-' I ,,""

cqi_ir-.

i i !

i i i
,

i r'' it-':
1.0: I0_
_O O

o_ lo I
:Z: !Z
!o ol
_z; z

'O10

_IIl li
!OtOIOI

18.i

i , I

!O:(::3:O _ iLt) I_t'___:31

_I_i_ 181 _I

,O! I.

•o_ 0,'--
-6_ l'Ol

iz, Iz!
_o o!

_z: iz!

oioloi

Iii I'

i,o i i

!'_I i i

, ,'

,(3 ¢0 _" cO"l_ ,- ,O
O ,O_(_, ,O_l"t _-
_ 00,C) I_9 '_" I_-

O

#8!8!8 8i8i8 

_]_0,_0,:0, :0,!0,1(3', ,,.._.0,.10- (3'. (3" O,

,--i _C_I, (N_I::_) C',IICN:(:) _(NICN!C) I(_I:C_I',O''

i r

le';!111=! :_'_ !l_ll : ll_, I'l_ , II,t_ i_Ot i

,=

tj

,.,-'!

+
II

"a

I

II
_0

"a
"a
I._.

p,

B-3



i :

:Oi

0_
it,v I

Ol C): E); C):

i

L

L

!

I

'E) i
,4--_

_0;
_Z_

:0!oi0

..... I'I;I,
I I It, : _0:0 0

,. ,_i°i __

; b i : r-. _

i_;_ O.,q.,_ _ _-
,;.-, o

_! I _' ;.;_

o _ _,3 r_ .o'._"c_ c:) '¢'_
c) co C) c_ 0_o .o '_

i o_o_

io: '_. ,q. ,o
I£.' .P.. _ r-.
:,_;o C)_ Q :C) ,Q:E3:Q

' C) : _'_, _

' I:::; o

_,_i_ _1_

: i_i _. _'_

_ _:_

_,_ "_,_
_1_;_ --,__i_ _:¸_-¸_._.

!ai8!8:8 8!818 :8i8i8

i_:0) i i

',-- .E'._-..E
_ .__.__.__
.E. _._-.U- I,

_>i ' "_- ' _" "_" : "_"'03, U'J U_;

LJ-. U- ;I._. U- i.&.

,_.._ _ U_ _,,r • U"

0 _
_11 0"1= C_I "_- ('3

E_ i :.,
O,

B-4

_J

0
L_



¢n

0

E
E
0

0

1::
cD'
¢.)
c-

f.O ,-.,-" ,,- ,,- (0 (D U') _ (0
0.110 I0 I0 LO _1 ¢_1 _11_ OJ

:,11_i

N.

>

0
0
U)

E
._

Z
D
rr

X

00_000 _o

B-5

t_

oo

o_

0

• ,,,, _ ¢)

_._ _
!_ -

ea
U

tD



&,_.

i_.

o o o
o,I o

(_)o) 0Jnl_.I0dm0i 0o_JJng

o o
0D ¢o

o o

0

o _ o

o _, oi._ o
00 "-" o)

E
o

>

.u

e-,

.<

0 0 0 0 0
0 0 0 0 0
It) 0 I..0 0 L{')
Oq _1 ',-- ','-

()l'zml_) q

o
o
co

o
I',,-

o
(D

o
t_

o

o
(q

o
oJ

o
'v'-

0

o

r,.,)

o
0
o
Iq

.,-

-1

N_

L.

m _

_ •

=&

NE

B-6



(3o) aJme.ladmo_L ¢3ejJn S

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0

0 U_ 0 _ 0
(_ CO Cq C_ v- v-

(H'zm/M) q

B-7



(;30) ozmvJ0dmal 03_jJn S

0 C) 0 0 0
03 C_ ',-" 0 0 0 0 0 0 C) 0

0"} GO h.. (0 t(3 _ O')

I l _ i

_ .

"N

.<

o o

r.

"N

<

-p
1

0 0 0 0 0 0 0
0 0 0 0 0 0 0
143 0 tO 0 It') 0 U3
03 CO Od 04 v.- T-

()l'zmlAA.) q

B-8

o
o

q=-

o .__

O

o
o

_D

_D

o
0O "0

,-,
gl

[" cu

m _

_[.-.

0

0

0

d

_Q
.,,_



(Do) o.ml_Jodmoi ga_JJns

0 0 0 0 0 0 0 0 0 0
CO (.0 _ 04 0 CO (.0 "::I" _1 0 0 0 0 0
0,,I O_ C_I 04 Od ',-- _ _ T- .,,- O0 CO '_" 04 0

I ! i I I i , o m

_ o.

" i °,
°ml

0

0 0 0 0 0 0 0
0 0 0 0 0 0 0

0 _ 0 140 0 tl'}
CO Cq 0,1 '_- w-

B-9

0



ta_

w_

o o
0')

o
o4

o

I"

o
o

(Do) aJnle.ladmaj, a_uj.m S

0 0 0 0 0
O) CO _ (D If)

o o o o

o
o

o
(_

o
00

0

0

_0 "G

o E,-

0

o

0
c_

0

o

cq

°.._

F.
0

0,i
L.

}-W

c_

b8
°,,-i



E-_.

t-

\

(Do) oameaodma,l. ;_3_jan S

0 0 0 0 0 0 0
0 0 0 0 0 0 0
1.0 0 tO 0 tO 0 tO
CO CO Od _1 _-- T-

()l'_mlM) q

B-II

0

0
O_

Q

0
O0

0
h_

0

0
tO

0

0
t'O

0
0,1

0
,r"

0

L6

¢J

_J
0
_J

L.,

_J

"0
_J
>

l)
"I::1

"0

C_

_J

_,.=_r..."_



;=

w.a

=

0 0 0 0 O

C_I C_I Cq C_I Cq

E

(30) _an;_.l_dm_& _n S

CO (0 _ C_ 0 0 0 0 0
•-- _ T- - _-- CO CO "_" 04 0

, I i I I

I

° bE

E

...i

=

=

o

0

o _
CO un

e',
e_

>

[,.. _
e_

o

o

.,_

0 0 0 0 0 0 0
0 0 0 0 0 0 0
llO 0 I_ 0 tO 0
t'O t'O O_ _ T- ',-

()l'_mlA__) q

B-12

o



(;30) a.m:j_Jadma,.L a:_uJ.in S

B'I3

O

O



(2)0) oanl_aadmoJ., o3_jJn S

o o o O o
•_- 0_ 0J o o o o o o o o o o

_ .

_[-.,
_ Nm

O O O O O O O
O O O O O O O
LO O UO O tO O
C_ _ C_I O_ v- v-

OI':m/_A)q

B-14

c5
oJ

..=_

o

o



o
co

=fl:
e-

re
I'-.
in

I

(/)
I-
(/)
Im
O

q,m

E
mm

I-

u_
>
:,<
:3

m

eL

2::
u

m

O
I-

/

o

O
r,,O

O
It)

A
o
4)
o

Q v
m" (D

.e_
I-

O
(o

O

O

d
2:

v';
!

[..

[.z.l

I:z.,

...,a

C'4

° i,,-u

u')

co 0o cO
I_. 00 O)
co r,.:

(_v'"o/M) xnl:l Z,eaH

B-15

0



e-

CC
I',-
m,

I-

!,.-
O

E
im
I--

ui

x
m
I,I.

m

"I-
ra
m

O
I-

'1:!"

O'}

I

J
f

tl

i

(_vtU0/M) xnl..-I J,eaH

B-16

CO

C_ c_ C')

O

O
O
.e,-

CeJ

O
GO

A
G}
(D
f_

O "-"
CO •

I-

O

O
O,I

O

(-,i
c_

z

[-
o,}

n.,

o,.q

('4

bO
°,,-i
I.l.,



e-

Ix

!

I-

i--

O
N_

E
.i

I-

==

m

U.

m
_t
"r"
m

cU

O
I--

o

o
o

o
co

o

A
o
o
w

o

I.-

c_
z

p...
t/%

r./3

4.a

,..t

t'N

°..q



o
co

:11:

t-
:3

U)
I--
or)

o

E
,D

I-
eJ

I,<

IL

"1"
m

CU
4-1

o
I-

o
LO

O

A

u

w
o
co 0l

.e
I--

O
c'q

o

6
Z

::=

o

t_

[.-,
r._

E9

I:z:l

-z

°,,d

(.-4

o,,,qiT.,

to
o0

c_
0o oo

o'J
r.:

I_ LO CO

(gvtUOlM) xnl.-I ZeaH

B-18

r-.

o)

o

f,o



o

r"

er

t,,,
U'}

|

(n
F-
(n

o

E
im

b-

x

m

U,,

"I-
ra

O
F-

l

jJ

\

/

/

o
o

o

o
Go

o
r,,.

8_
w

E

o

o"

Q

,d

Z
e-

p..

6
('4

(_vUJO/M) xnl.-I leaH

B-19

O

{D



o

C

L_

o
q,.

E

-I-
ra

o

I

o
GO

O

O

O
LO

O

O
CO

O
¢q

O
T"

A

O

O
E
°_

d
Z

._

¢q

L_,

(_vmOlM) xnl=l ].eeH

B-20



:14=
i-
..¢

i,I-

LO
!

I--

L..

0

E
,n

I-

><

i

I.I.

m

"I"
i

0
I-.

oo

S
J

co
oo

I< r-. r-. r-.

(_vtUOlM) xnl..-IJ,eOH

B-21

o

LO

C_

o
co

Lo
c_J

A
u
QJ

c_J Qj

.e_

LO

o
T'-

LO

O

5
Z

c,0

0,.q

('4

°_



00

C

n"

=,
¢J)
I--
¢J)
1._

0

E
=g

I-.
uJ
==
X

m

eL

"r"
m

0
I-,.

/

/

o
co

o

o6

o d
Z

c-,,,-

o
[..
r_3

o

m
o v

E =
I- ,'-'

o...q

O3

O4

o .o

°_,_

r.T.,

O

(_vtUO/M) xnl.-I zeaH

B-22

0



:m

|

cn

(n
L_

o
llk,"

E
,m

i-

x

m

m

m

O

o
(%1

o
o
T'-

c_
Z

v%

Au
o

o _
co •

E
,m

o_

O

('4

o,,q

LU

O
04

uo

(%1 c_ oJ c_
_. o4 o_
04 ,-

(ZvmOlNO xnl.-I _.eeH

B-23

0O ¢D

T'-

o



e-

n"

I.O
!

(/)
I--
C/)

E
,m
I-

D,.

E

>,
(/)
"0
e-

"C3
,m

O"
.m
,-I

"0
L--
CU

O

X

m
LI=

¢U

.I-

C_

T-

b

CO

(ed)l) eJnss_Jd

r

0

(_vUJ0/M) p!nb!l pJeMO.L xnl.-I J,eaH

B-24

O

O
aO

O

O
CO

O

O

O
C_

O
O4

C3

O

O

A
U

E
I-

c_
z

U_

c_

E

"C3
..=.

r_

"C3

"C3

c_

g_j
c_J

C_

_J

r_

=i

I

U.,



41:
e-

n-

CO
=m

_J
E

im

j-

>

L.

W

Q.

E

co
-o
e-
ra

im

(2"
ul

-I

i--

o

X

m

LL.

m
_J
-r-

co c_ oJ

T--

u_

u')

(edit) eJnssaJd

_B

I m

=!
"I1=

g-

am._
_m

111 .-

o

o
o

o
00

o

o

o
t_

A
o

r_
c_
z

o

_J
E

"0

E
_J

o

o 0D h- (D _ '_ co

(_vtUOlM) p!nbFI pJeMoJ, xnl.-I _,eeH
B-25

O4

O

O



r-

m

tn
!

CO
F-
Or)
tm

_J

E

>

(n
U)
_J
i_

Q.

E
(9

4-*

cn
>,

(0
"0
r-
t_

"(2
,m

O"
Jm

-J
"0
!,_

t_

0

)<

m

U.

4)
-r-

o
to

(ed)l) a,nss_Jd

o0 r_ co

/

_ (") _ ',- 0

0

0
0,I

0
0

o

!

d
Z

t"-

[-

o

A

w

0

I"-

"0

o

!

hi}
.,,._

(_vtUO/M) p!nb!'l pJeMO.L xnl-I leeH

B-26



r-

n-

tn
|

C/)
I--
CO

a_

4)
8

gm

D-

>

_n
8

Q.

E
GJ
U)

(/)

r-
t_

"O
im

O"
om

--I

"O
L_

t_
3:
O

X

m

LI.
4-o

t_
4)
-!-

LF)
CO L_

m

B

co r,.,

(ed)l) eJnsse,d
L_ U_

I I

,

o

o

o

o

(_vtUO/M)p!nb!'l pJeMoj,xnl.-I;eaH

]3-27

o

o

o

o

A
u

E
,m

I-

d
Z
r_

c_
E-
ra_

_)

ra0

.,,.,

c_

ra,2

!

U,



LO

p.

U)
p-

E
,1

L--

U)

L_

a.

E

U}

(/)

"o

"0
,1

O"
*l

.J
qD
I--

t_

o

X
:3

1

IL

m

-I-

p_

A

1.13
CO
T'-

1.13
t_

(edH) aJnssaJd

J

u_ u_
co

<

co p_

(_vtU01M) p!nb!'l pJeMO.Lxnl.-I ;eaH

co

o

o
o

o
o_

o
0o

o

o

cO
o3

0
Od

0

0

0

E
i:

Z

t_

c_

o.)

c_

"0

03

C_

_)
.,,q

B-28



(O

r-

m
r."
tn

!

(/)

(/)
om

E
el

F-

_J
Im

(n
(n
_J
Im

O.

E
¢)

4-f

CO
"0
r.
t_

"{3
im

O"
im

.J

"0
i.

t_

0

><

m

IL

t_
4)
3:

r,.
,r'-

,r--

L_
_0
,r-

(ed)l) eJnssead

o

d

t_

o _

o _

q N

c. Q _

u')
04 v-- 0

(_vLUOlM) p!nb!'l p,e_oA xnl.-I _eeH

B-29

o
o



t-

n-

I-."
tO

|

i-

.m

E
.i

I"

4)
t__

:3

W

Q.

E

>.

'ID
e-

'ID

O"
.m

-,I

'ID

m

0

)¢

m

LI.

m
_J
"I"

o

co

to
co
o

co
o
,e..-

co

<,.-
<

(ed)l) eJnsseJd

wi m _
o o o o

t

_......____----- _

(gvtUO/M)p!nb!l pJeM01 xnld leaH
B-30

c_

LO
CO
O
T--

co
o

o

u_
c0

O
CO

tO
Od

O
Cq

In
T--

o
'I'-

u_

o

o

A

o

._E
F-

d

u_

_J
.=

_J

_J
_3
o,_

ug

C_

I

°,_



t_ o co qD

(ed)l) aJnssa, d

cO
o o

c_J
o
,r--

o
co

CO

e-

rr

r_

C/)
l-
U)

E
i-

q)
In

:3
(n
(n
q)
t_

eL

E
4)
U)
>,
(n
"O
e-
t_

"O
.m

o"
.m

"O
Ill

t_

O

m

U.

(U

-r

tr)

j_J

f
jJ

-I
/'

-'.-"
jf ._L

LC) _1" t.O C9 L_ C_I tt) _-- U'J
_" CrJ C_I ,-- O

(_vtU0/M) p!nbn pJeMoj, xnl.-I _eaH

B-31

o

o

o
LO

A
0
4)

0

0
co

0

0

o

0

06

d
Z

V3

O_

_J

_J
"0

"0

_5

(D,

O_

bO
0,._



01
:tt:

r-

rr

tn
!

U)

c/)
.m

_J
E

o_

F"

L_

U)
u)

!_

Q.

E
_J

(n
>,
(/)
"0

t_

"0
.I

O"
im

"0
k.

t_

0

)<
:3

m

LL.

t_

3:

u')

o

(ed)l) aJnssaJd

o
,r-

L_ LO

0 0 0 0

)

>

<

m-.
u

m:
I--

ID
B

CD CO _ v-

(_vtUO/M) p!nb!l pJeMo£ xnl:l ;eeH

B-32

L_
CO CO
O O

m
o
od

o
-o
T-

O

o

$

L_
Lf)
O

A
u

v

E
,m
I-

d
z

u_
_4

_J

._

c_

_J
U_



A. Mean Surface Heater Temperature
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FIGURE: Measured Fluid Temperatures STS 57 - Run #1

Heat
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Figure B-4a.

Subcooling Heater Power 100 FPS Stirrer Repress Total

(F) On/Off On/Off Start Start Test Time

20 + 2 10-70 sec. 10-15 sec. 55 sec. - ..... 80 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IB
(STS-57). Run No. 1.
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Figure B-4b.

Subcooling Heater Power 100 FPS Stirrer Repress Total
(F) On/Off On/Off Start Start Test Time

20 + 2 10-110 sec. 15-25 sec. . ........... 135 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IB

(STS-57). Run No. 2.
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FIGURE: Measured Fluid Temperatures STS 57 - Run #3

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total

Flux (F) On/Off On/Off Start Start Test Time

2 20 + 2 10-120 sec. 30-50 sec. 110 sec. - ..... 130 sec.

Figure B-4c. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IB
(STS-57). Run No. 3.
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FIGURE: Measured Fluid Temperatures STS 57 - Run #4

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total
Flux (F) On/Off On/Off Start Start Test Time

8 5 + 1 10-55 sec. 10-15 sec. 45 sec. -..... 65 sec.

Figure B-4d. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IB
(STS-57). Run No. 4.
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Figure B-4e.

Measured Fluid Temperatures STS 57 - Run #5

Subcooling Heater Power 100 FPS Stirrer Repress Total
(F) On/Off On/Off Start Start Test Time

5 + 1 10-100 sec. 15-25 sec. 90 sec. - ..... 105 sec.

Measured fluid temperatures near primary.heater and far field bulk liquid. PBE-IB
(STS-57). Run No. 5.
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Heat

Flux

2

Figure B-4f.

Subcooling Heater Power 100 FPS Stirrer Repress Total

(F) On/Off On/Off Start Start Test Time

5 + 1 10-85 sec. 30-50 sec. . ........... 100 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IB

(STS-57). Run No. 6. B-38
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Figure B-4g.

Subcooling Heater Power 100 FPS Stirrer Repress Total

(F) On/Off On/Off Start Start Test Time

0.5 + 0.4 10-35 sec. 10-15 sec. - ..... 45 sec. 65 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IB
(STS-57). Run No. 7. B-39
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Figure B-4h.

Measured Fluid Temperatures STS 57 - Run #8

Subcooling Heater Power 100 FPS Stirrer Repress Total

(F) On/Off On/Off Start Start Test Time

0.5 + 0.4 10-70 sec. 15-25 sec. 60 sec. - ..... 80 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IB

(STS-57). Run No. 8. B-40
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Figure B-5a.

Subcooling Heater Power 100 FPS Stirrer Repress Total

(F) On/Off On/Off Start Start Test Time

8 20 + 2 10-70 sec. 10-15 sec. 55 sec. - ..... 80 sec.

Measured fluid temperatures near secondary heater and heater underside. PBE-IB

(STS-57). Run No. 1. B-62
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Figure B-5b. Measured fluid temperatures near secondary heater and heater underside. PBE-IB
(STS-57). Run No. 2.
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Figure B-5c.

Subeooling Heater Power 100 FPS Stirrer Repress Total
(F) On/Off On/Off Start Start Test Time

20 + 2 10-120 sec. 30-50 sec. 110 sec. . ..... 130 sec.

Measured fluid temperatures near secondary heater and heater underside. PBE-IB
(STS-57). Run No. 3 B-44
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FIGURE: Measured Heater-Underside Temperatures STS 57 - Run #4

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total

Flux (F) On/Off On/Off Start Start Test Time

8 5 + 1 10-55 sec. 10-15 sec. 45 sec. - ..... 65 sec.

Figure B-5d. Measured fluid temperatures near secondary heater and heater underside. PBE-IB
(STS-57). Run No. 4. B-45
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Figure B-5e.

Measured Heater-Underside Temperatures STS 57 - Run #5

Subcooling Heater Power 100 FPS Stirrer Repress Total
(F) On/Off On/Off Start Start Test Time

5 + 1 10-100 sec. 15-25 sec. 90 sec. . ..... 105 _,-

Measured fluid temperatures near secondary heater and heater underside. PBE-IB
(STS-57). Run No. 5. 13-46
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Figure B-5f.

Subcooling Heater Power 100 FPS Stirrer Repress Total
(F) On/Off On/Off Start Start Test Time

5 + 1 10-85 sec. 30-50 sec. - ........... 100 sec.

Measured fluid temperatures near secondary heater and heater underside. PBE-IB
(STS-57). Run No. 6. 8-47



A. MeanHeaterSurfaceTemperature
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Figure B-5g.

Measured Heater-Underside Temperatures STS 57 - Run #7

Subcooling Heater Power 100 FPS Stirrer Repress Total
(F) On/Off On/Off Start Start Test Time

0.5 + 0.4 10-35 sec. 10-15 sec. - ..... 45 sec. 65 sec.

Measured fluid temperatures near secondary heater and heater underside. PBE-IB
(STS-57). Run No. 7. B-48
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Figure B-5h.

Measured Heater-Underside Temperatures STS 57 - Run #8

Subcooling Heater Power 100 FPS Stirrer Repress Total
(F) On/Off On/Off Start Start Test Time

0.5 + 0.4 10-70 sec. 15-25 sec. 60 sec. - ..... 80 sec.
Measured fluid temperatures near secondary heater and heater underside. PBE-IB

(STS-57). Run No. 8. B-49



STS-57 Run#1

Frame#0080 time=10.79sec. Frame#0093 time=10.92sec.

Frame#0105 time=11.04sec. Frame#0117 time=11.16sec.

Frame#0129 time=l 1.28sec. Frame#0141 time=11.40sec.

FigureB-6a. SelectedPhotographicImages.PBE-IB (STS,57). RunNo. 1.
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STS-57 Run #1

Frame#0372 time= 14.63 sec. Frame#0484 time=20.32 sec.

Frame#0634 time=34.29 sec. Frame#0742 time=43.61 sec.

Frame#0850 time=52.93 sec. Frame#0923 time=62.94 sec.

Figure B-6a. Continued.
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STS-57 Run #2

Frame# 1071 time=25.64 sec. Frame#1072 time=25.71 sec.

Frame#1073 time=25.82 sec. Frame#1074 time=25.92 sec.

Frame#1075 time=26.01 sec. Frame#1076 time=26.11 sec.

Figure B-6b. Selected Photographic Images. PBE-IB (STS-57). Run No. 2.
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STS-57

Run#2 Frame#1237 time=42.38 sec Run #2 Frame#1397 time=57.28 sec

Run #2 Frame#1557 time=72.84 sec Run #2 Frame#1717 time=88.42 sec

Run #2 Frame# 1877 time= 104.00 sec Run #2

B-54

Figure B-6b. Continued.

Frame#2037 time=119.57 sec



STS-57 Run#3

Frame#0454 time=33.63sec. Frame#0456 time=33.65sec.

Frame#0458 time=33.67sec. Frame#0462 time=33.71sec.

Frame#0466 time=33.75sec. Frame#0470 time=33.79sec.

FigureB-6c. SelectedPhotographicImages.PBE-IB (STS-57). RunNo. 3.
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STS-57 Run #3

Frame#0706 time=36.15 sec. Frame#2123 time=50.95 sec.

Frame#2318 time=69.93 sec. Frame#2513 time=88.92 sec.

Frame#2708 time=107.92 sec. Frame#2903 time=126.93 sec.

Figure B-6c. Continued.
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STS-57 Run #4

Frame#0063 time=l 1.28 sec. Frame#0071 time= 11.44 sec.

Frame#0079 time= 11.60 sec. Frame#0087 time=l 1.88 sec.

Frame#0093

Figure B-6d.

time= 11.88 sec. Frame#0101 time= 12.04 sec.

Selected Photographic Images. PBE-IB (STS-57). Run No. 4.
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STS-57 Run #4

Frame#0244 time= 12.45 sec. Frame#0615 time=24.46 sec.

Frame#0758 time=38.39 sec. Frame#0858 time=48.14 sec.

Frame#0962 time=58.28 sec. Frame# 1021 time=64.02 sec.

Figure B-6d. Continued.

B-58



STS-57 Run #5

Frame#0894 time=23.51 sec. Frame#0895 time=23.52 sec.

Frame#0897 time=23.54 sec. Frame#0899 time=23.56 sec.

Frame#0901 time=23.58 sec. Frame#0905 time=23.62 sec.

Figure B-6e. Selected Photographic Images. PBE-IB (STS-57). Run No. 5.
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STS-57 Run #5

Frame#0967 time=24.39 sec. Frame# 1171 time=35.66 sec.

Frame# 1284 time=46.67 sec. Frame# 1421 time=60.02 sec.

Frame# 1593 time=76.80 sec. Frame# 1782 time=95.25 sec.

Figure B-6e. Continued.
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STS-57 Run #6

Frame#2195 time=58.26 sec. Frame#2196 time=58.36 sec.

Frame#2197 time=58.46 sec. Frame#2198 time=58.55 sec.

Frame#2199 time=58.65 sec. Frame#2200 time=58.75 sec.

Figure B-6f. Selected Photographic Images. PBE-IB (STS-57). Run No. 6.
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STS-57 Run #6

Frame#2221 time=60.80 sec. Frame#2291 time=67.64 sec.

Frame#2329 time=72.35 sec. Frame#2366 time=74.95 sec.

Frame#2515 time=82.28 sec. Frame#2601 time=89.50 sec.

Figure B-6f. Continued.
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STS-57 Run #7

Frame#0057 time= 10.59 sec. Frame#0063 time= 10.65 sec.

Frame#0069 time= 10.71 sec. Frame#0075 time= 10.77 sec.

Frame#0081

Figure B-6g.

time= 10.83 sec. Frame#0087 time= 10.89 sec.

Selected Photographic Images. PBE-IB (STS-57). Run No.'7.
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STS-57 Run#7

Frame#0120 time=11.22sec. Frame#0538 time=17.12sec.

Frame#0644 time=27.46sec. Frame#0725 time=35.36sec.

Frame#0809 time=43.55sec. Frame#0852 time=47.75sec.

FigureB-6g. Continued.
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" _- :i • !,:!

STS-57 Run #8

Frame#0920 time=23.77 sec. Frame#0921 time=23.78 sec.

Frame#0924 time=23.81 sec. Frame#0927 time=23.84 sec.

Frame#0930 time=23.87 sec. Frame#0933 time=23.90 sec.

Figure B-6h. Selected Photographic Images. PBE-IB (STS-57). Run No. 8.
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STS-57 Run #8

Frame#0947 time=24.04 sec. Frame#1157 time=34.42 sec.

Frame#1263 time=44.77 sec. Frame# 1376 time=55.82 sec.

Frame# 1481 time=66.09 sec.

Figure B-6h.

Frame# 1596

Continued.

time=77.34 sec.
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STS-57 Run #9

Frame#2672 time=94.93 sec. Frame#2673 time=95.03

Frame#2675 time=95.23 sec. Frame#2677 time=95.43 sec.

Frame#2679 time=95.62 sec. Frame#2681 time=95.82 sec.

Figure B-6i. Selected Photographic Images. PBE-IB (STS-57). Run No. 9.
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STS-57 Run #9

Frame#2690 time=96.70 sec. Frame#2715 time=99.14 sec.

Frame#2730 time= 100.61 sec. Frame#2745 time=102.08 sec.

Frame#2760 time=103.55 sec. Frame#2810

Figure B-6i. Continued.

time=108.45 sec.
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STS-57 Run #1 (Region #1)

t = 10.85 sec. t = 12.04 sec. t = 13.23 sec. t =14.44 sec.

t = 15.67 sec. t = 16.83 sec. t = 17.99 sec. t = 19.15 sec.

Figure B-10a-l-iv. Sample images showing dryout/rewetting. PBE-IB (STS-57). Run No. 1.
Time interval: 10.8 - 20.0 seconds.
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STS-57 Run #1 (Region #2)

t = 20.22 sec. t = 21.66 sec. t = 23.03 sec. t = 24.39 sec.

t = 25.85 sec. t = 27.30 sec. t = 28.66 sec. t = 29.92 sec.

Figure B-10a-2-iv. Sample images showing dryout/rewetting. PBE-IB (STS-57). Run No. 1.
Time interval: 20 - 30 seconds.
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STS-57 Run #1 (Region #3)

t = 30.50 sec. t = 31.86 sec. t = 33.12 sec. t = 34.39 sec.

t = 35.74 sec. t = 37.01 sec.

..i

t = 38.36 sec. t = 39.62 sec.

Figure B- 10a3-iv. Sample images showing dryout/rewetting.
Time interval: 30 - 40 seconds.

PBE-IB (STS-57). Run No. 1:
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STS-57 Run #1 (Region #4)

t = 40.50 sec. t = 41.75 sec. t = 43.12 sec. t = 44.38 sec.

t = 45.64 sec. t = 47.00 sec. t = 48.28 sec. t = 49.63 sec.

Figure B- 10a-4-iv. Sample images showing dryout/rewetting.
Time interval: 40 - 50 seconds.

PBE-IB (STS-57). Run No. 1.
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STS-57 Run #2 (Region #1)

t= 25.71 sec. t= 29.21 sec. t= 32.71 sec. t= 36.21 sec.

t= 39.7 sec. t= 43.2 sec. t= 46.65 sec. t=50.09 sec.

Figure B-10b-l-iv. Sample images showing dryout/rewetting. PBE-IB (STS-57). Run No. 2.
Time interval: 25.8 - 50.0 seconds.
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STS-57 Run #2 (Region #2) - Bubbles too small for dry spot measurement

t= 90.12 sec. t= 91.22 sec. t= 92.64 sec. t= 93.90 sec.

t= 95.12 sec. t= 96.34 sec. t= 97.54 sec. t= 99.84 sec.

Figure B-10b-2-iv. Sample images. PBE-IB (STS-57). Run No. 2. Time interval: 90- 100
seconds.
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STS-57 Run #3 (Region #1)

t=33.63 sec. t=37.34 sec. t=41.06 sec. t=44.72 sec.

t=48.46 sec. t=52.05 sec. t=57.85 sec. t=59.65 sec.

Figure B-10c-l-iv. Sample images showing dryout/rewetting. PBE-IB (STS-57). Run No. 3.
Time interval: 33.6 - 60.0 seconds.
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STS-57 Run #3 (Region #2)

t=70.63 sec. t=73.33 sec.

iit

t=76.03 sec. t=78.63 sec.

t=81.33 sec. t=84.93 sec. t=87.15 sec. t=89.52 sec.

Figure B-10c-2-iv. Sample images showing dryout/rewetting.
Time interval: 70.6 - 89.5 seconds.

PBE-IB (STS-57). Run No. 3.
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STS-57 Run #4 (Region #1)

t= 10.64 sec. t= 11.99 sec. t= 13.31 sec. t=14.63 sec.

iiiiiii

t= 15.98 sec° t= 17.28 sec. t= 18.64 sec. t= 20.04 sec.

Figure B-10d'l-iv. Sample images showing dryout/rewetting. PBE-IB (STS-57). Run No. 4.
Time interval: 10.6 20.0 seconds.
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STS-57 Run #5 (Region #1)

t= 23.61 sec. t= 27.39 sec. t= 31.12 sec. t= 34.88 sec.

t= 38.49 sec. t= 42.48 sec. t= 46.09 sec. t= 49.89 sec.

Figure B-10e-l-iv. Sample images showing dryout/rewetting. PBE-IB (STS-57). Run No. 5.
Time interval: 23.5 - 48.5 seconds.
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STS-57 Run #5 (Region #2)

t= 51.29 sec. t= 62.79 sec. t= 65.71 sec. t= 68.61 sec.

t= 71.53 sec. t= 74.50 sec. t= 77.40 sec.

Figure B-10e-2-iv. Sample images showing dryout/rewetting. PBE-IB (STS-57). Run No. 5.
Time interval: 60 - 80 seconds.
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STS-57 Run #6 (Region #1)

t=58.66 sec. t=60.02 sec. t=61.59 sec. t=63.04 sec.

64.51 sec. t=66.07 sec. t=67.54 sec. t=69.11 sec.

Figure B-10f-l-iv. Sample images showing dryout/rewetting. PBE-IB (STS-57). Run No. 6.
Time interval: 58.4 - 70.0 seconds.
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STS-57 Run #7 (Region #1)

t= 10.59 sec. t= 11.19 sec. t= 11.81 sec. t= 12.4 sec.

t= 13.1 sec. t= 13.7 sec. t= 14.3 sec. t= 14.85 sec.

Figure B-10g-l-iv. Sample images showing dryout/rewetting. PBE-IB (STS-57). Run No. 7.
Time interval: 10.6 - 14.8 seconds.
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STS-57 Run#8, Region#1

t=23.88 sec. t=27.69 sec t=31.11 sec t=35.01 sec

t=38.62 sec t=42.52 sec t=46.43 sec t=49.85 sec

Figure B-10h-l-iv. Sample images showing dryout/rewetting. PBE-IB (STS-57). Run No. 8.
Time interval: 23.8 - 50.0 seconds.
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Figure C-4a. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IC
(STS-60). Run No. 1.
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Figure C-4b.

Subcooling Heater Power 100 FPS Stirrer Repress Total

(F) On/Off On/Off Start Start Test Time

20+2 10-110 sec. 15-25 sec. - ......... 135 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IC

(STS-60). Run No. 2.
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Figure C-4c. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IC
(STS-60). Run No. 3.
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Figure C-4d. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IC
(STS-60). Run No. 4.
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Figure C-4e. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IC

(STS-60). Run No. 5.
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Figure C-4f. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IC
(STS-60). Run No. 6.
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Figure C-4g. Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IC

(STS-60). Run No. 7.
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Figure C-4h.

Subcooling Heater Power 100 FPS Stirrer Repress Total

(F) On/Off On/Off Start Start Test Time
0.5 + 0.4 10-70 sec. 15-25 see. 60 sec. -.... 80 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IC

(STS-60). Run No. 8.
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Figure C-4i.

Subcooling Heater Power 100 FPS Stirrer Repress Total
(F) On/Off On/Off Start Start Test Time

0.5 + 0.4 10-110 sec. 40-60 see. 95 sec. -.... 125 sec.

Measured fluid temperatures near primary heater and far field bulk liquid. PBE-IC

(STS-60). Run No. 9.
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Figure C-5a.

Subcooling Heater Power 100 FPS Stirrer Repress Total

(F) On/Off On/Off Start Start Test Time
20 + 2 10-15 sec. 10-13 see. -......... 55 sec.

Measured fluid temperatures near secondary heater and heater underside. PBE-IC

(STS-60). Run No. 1.
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Figure C-5b. Measured fluid temperatures near secondary heater and heater underside. PBE-IC
(STS-60). Run No. 2.

C-43



=7

A. Mean Heater Surface Temperature

o 110

_ 90

E
IU

_ 70
IU
0

_ 50

10 20 30 40 50 60 70 80 90 100 110 120

Time, sec

130

D.

54

53
o

52

IU
n

E 50
IIU

I,-
49

48

I-- TM07 (C) ------ TM08 (C) .... TM09 (C)l

I I

0 10 2O

i

i!
i

I I
i

I I I I I I

30 40 50 60 70 80

I I '

90 100 110 120 130

Time, sec

E°

55

O

5o

&
E 45
#-

40

-- TM11 (C) ------ TM12 (C) .... TM13 (C)[

I I

0 10 20

I I I I I I I I I

30 40 50 60 70 80 90 100 110 120 130

Time, sec

Figure: Measured Heater-Underside Temperatures STS-60 Run #3

Heat Subcooling Heater Power 100 FPS Stirrer Repress Total

Flux (F) On/Off On/Off Start Start Test Time
2 20 + 2 10-120 see. 30-50 sec. 110 sec. - .... 130 sec.

Figure C-5c. Measured fluid temperatures near secondary heater and heater underside. PBE-IC
(STS-60). Run No. 3.
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Figure C-5d. Measured fluid temperatures near secondary heater and heater underside. PBE-IC
(STS-60). Run No. 4.
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Heat Subcooling Heater Power 100 FPS Stirrer Repress Total
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Figure C-5e. Measured fluid temperatures near secondary heater and heater underside. PBE-IC
(STS-60). Run No. 5.
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2 5 + 1 10-85 see. 30-50 see. - ......... 100 sec.

Figure C-5f. Measured fluid temperatures near secondary heater and heater underside. PBE-IC
(STS-60). Run No. 6.
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8 0.5 + 0.4 10-15 sec. 10-25 sec. -.... 20 sec. 40 sec.

Figure C-5g. Measured fluid temperatures near secondary heater and heater underside. PBE-IC

(STS-60). Run No. 7.
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Figure C-5h. Measured fluid temperatures near secondary heater and heater underside. PBE-IC
(STS-60). Run No. 8.
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Figure C-5i. Measured fluid temperatures near secondary heater and heater underside. PBE-IC
(STS-60). Run No. 9.
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STS-60 Run #1

Frame #0088 time= 10.91 sec. Frame #0101 time= 11.04 sec.

Frame #0 114 time= 11.16 sec. Frame #0 129 time= 11.31 sec.

Frame #0149 time= 11.51 sec. Frame #0159 time= 11.61 sec.

Figure C-6a. Selected Photographic Images. PBE-IC (STS-60). Run No. 1.
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STS-60 Run #1

Frame #0169 time= 11.71 sec. Frame #0203 time= 12.05 sec.

Frame #0235 time= 12.37 sec. Frame #0271 time= 12.73 sec.

Frame #0301 time= 13.02 sec. Frame #0340 time= 15.35 sec.

Figure C-6a. Continued.
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STS-60 Run #1

Frame #0350 time= 16.35 sec. Frame #0427 time= 24.02 sec.

Frame #0504 time= 31.68 sec. Frame #0581 time= 39.35 sec.

Frame #0658 time= 47.02 sec. Frame #0735 time= 54.68 sec.

Figure C-6a. Continued.
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STS-60 Run #2

Frame # 1122 time= 30.85 sec. Frame #1123 time= 30.95 sec.

Frame # 1124 time= 31.05 sec. Frame #1125 time= 31.15 sec.

Frame #1126 time= 31.25 sec. Frame # 1127 time= 31.35 sec.

Figure C-6b. Selected Photographic Images. PBE-IC (STS-60). Run No. 2.
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STS-60 Run #2

Frame #1129 time= 31.55 sec. Frame #1329 time= 51.23 sec.

Frame #1429 time= 61.47 sec. Frame #1529 time= 71.45 sec.

Frame #1729 time= 91.40 sec. Frame # 1929 time= 111.37 sec.

Figure C-6b. Continued.
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STS-60 Run #3

Frame #2112 time= 50.17 sec. Frame #2113 time= 50.19 sec.

Frame #2116 time= 50.25 sec. Frame #2119 time= 50.34 sec.

Frame #2122 time= 50.56 sec. Frame #2125 time= 50.96 sec.

Figure C-6c. Selected Photographic Images. PBE-IC (STS-60). Run No. 3.
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STS-60 Run #3

Frame #2130 time= 51.45 sec. Frame #2250 time= 63.44 sec.

Frame #2370 time= 75.42 sec. Frame #2490 time=87.40 sec.

Frame #2610 time= 99.39 sec. Frame #2725 time= 110.88 sec.

Figure C-6c. Continued.
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STS-60 Run #4

Frame #0072 time= 10.75 sec. Frame #0085 time= 10.87 sec.

Frame #0098 time= 11.03 sec. Frame #0 111 time= 11.13 sec.

Frame #0 124 time= 11.25 sec. Frame #0137 time= 11.38 sec.

Figure C-6d. Selected Photographic Images. PBE-IC (STS-60). Run No. 4.
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STS-60 Run #4

Frame #0150 time= 11.51 sec. Frame #0188 time= 11.89 sec.

Frame #0265 time= 12.66 sec. Frame #0325 time= 13.96

Frame #0400 time= 21.47 sec. Frame #0703 time= 51.80 sec.

Figure C-6d. ,Continued.
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STS-60 Run #5

Frame #0095 time= 19.50 sec. Frame #0096 time= 19.60 sec.

Frame #0097 time= 19.70 sec. Frame #0098 time= 19.80 sec.

Frame #0099 time= 19.90 sec. Frame #0 100 time= 20.00 sec.

Figure C-6e. Selected Photographic Images. PBE-IC (STS-60). Run No. 5.
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STS-60 Run #5

Frame #1095 time= 30.01 sec. Frame # 1210 time=39.98 sec.

Frame # 1320 time= 50.98 sec Frame #1430 time= 62.15 sec.

Frame #1650 time= 84.02 sec. Frame #1720 time= 91.04 sec.

Figure C-6e. Continued.
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STS-60 Run#6

Frame#1888 time=47.94sec. Frame#1889 time=47.95sec.

Frame#1893 time=47.99sec. Frame#1897 time=48.03sec.

Frame#1901 time=48.07sec. Frame#1905 time=48.11sec.

FigureC-6f. SelectedPhotographicImages.PBE-IC(STS-60). RunNo. 6.
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STS-60 Run #6

Frame #1910 time= 48.16 sec. Frame #2180 time= 56.84 sec.

Frame #2270 time= 66.01 sec Frame #2370 time= 75.87 sec.

Frame #2470 time= 85.89 sec. Frame #2570 time= 96.22 sec.

Figure C-6f. Continued.
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STS-60 Run #7

Frame #0070 time=10.75 sec. Frame #0081 time= 10.86 sec.

Frame #0092 time= 10.97 sec. Frame #0 103 time= 11.08 sec.

Frame #0114 time= 11.19 sec. Frame #0 125 time= 11.30 sec.

Figure C-6g. Selected Photographic Images. PBE-IC (STS-60). Run No. 7.
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t,_" _. _:i _ _,..

STS-60 Run #7

Frame #0136 time= 11.41 sec. Frame #0336 time= 13.40 sec.

Frame #0536 time= 15.39 sec. Frame #0736 time= 17.38 sec.

Frame #0936 time= 19.37 sec. Frame #1136 time= 21.36 sec.

Figure C-6g. Continued.
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STS-60 Run #7

Frame #1143 time= 21.42 sec. Frame #1504 time= 25.01 sec.

Frame # 1544 time= 27.50 sec. Frame #1584 time= 31.51 sec.

Frame #1624 time= 35.51 sec. Frame #1664 time= 39.51 sec.

Figure C-6g. Continued.
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STS-60 Run #8

Frame #0342 time= 18.03 sec. Frame #0346 time= 18.07 sec.

Frame #0350 time= 18.11 sec. Frame #0354 time= 18.15 sec.

Frame #0358 time= 18.19 sec. Frame #0362 time= 18.23 sec.

Figure C-6h. Selected Photographic Images. PBE-IC (STS-60). Run No. 8.
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STS-60 Run #8

Frame #0366 time= 18.27 sec. Frame #1080 time=27.48 sec.

Frame # 1190 time= 38.52 sec. Frame # 1300 time= 49.57 sec.

Frame #1410 time= 60.62 sec. Frame #1520 time= 71.67 sec.

Figure C-6h. Continued.
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STS-60 Run #9

Frame #0341 time= 40.52 sec. Frame #0345 time= 40.56 sec.

Frame #0349 time= 40.60 sec. Frame #0353 time= 40.64 sec.

Frame #0357 time= 40.68 sec. Frame #0361 time= 40.72 sec.

Figure C-6i. Selected Photographic Images. PBE-IC (STS-60). Run No. 9.
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STS-60 Run #9

Frame #0370 time= 40.81 sec. Frame #1795 time= 55.00 sec.

Frame #2398 time= 68.47 sec. Frame #2541 time= 82.82 sec.

Frame #2684 time= 97.18 sec. Frame #2802 time= 109.04 sec.

Figure C-6i. Continued.
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STS-60 Run #1, Region 1

t=l 1.59 sec t=12.02 sec t=12.45 sec t=12.88 sec

t= 13.76 sec t= 14.16 sec t= 14.66 sec t= 15.06 sec

Figure C-10a-l-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 1.
Time interval: 11.6 - 15.1 seconds.
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STS-60 Run #2, Region 1

t=31.75 sec t=32.25 sec t=32.75 sec t=33.25 sec

t=33.64 sec t=34.14 sec t=34.64 sec t=35.14 sec

Figure C-10b-l-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 2.
Time interval: 31.7 - 35.7 seconds.
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STS-60 Run #3, Region 1

t=50.46 sec t=54.15 sec t=57.84 sec t=61.54 sec

: :

t=65.33 sec t=69.03 sec t=76.42 sec t=80.01 sec

Figure C-10c-l-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 3.
Time interval: 50.5 - 80.0 seconds.
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STS-60 Run #3, Region 2

t=90.00 sec t=93.10 sec t=96.29 sec t=99.29 sec

t=102.59 sec t=105.69 sec t= 108.78 sec t= 111.98 sec

Figure C-10c-2-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 3.
Time interval: 90 - 115 seconds.
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STS-60 Run #4, Region 1

t=l 1.25 sec t=l 1.75 sec t=12.25 sec t=12.75 sec

t=13.86 sec t=14.36 sec t=14.86 sec t=15.17 sec

Figure C-10d-l-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 4.
Time interval: 11.2 - 15.2 seconds.
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STS 60 Run #4, Region 2

t=27.07 sec t=28.18 sec t=29.28 sec t=30.38 sec

t=31.48 sec t=32.58 sec t=33.68 sec t=35.08 sec

Figure C-10d-2-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 4.
Time interval: 27 - 35 seconds.
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STS 60 Run #5, Region 1

t=19.90 sec t=21.80 sec t=23.30 sec t=24.80 sec

t=26.28 sec t=27.77 sec t=29.27 sec t=29.96 sec

Figure C-10e-l-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 5.
Time interval: 19.9 - 30.0 seconds.
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STS 60 Run #5, Region 2

t=50.08 sec t=52.29 sec t=54.29 sec t=56.29 sec

t=58.29 sec t=60.49 sec t=63.00 sec t=65.00 sec

Figure C-10e-2-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 5.
Time interval: 50-65 seconds.
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STS 60 Run#6, Region 1

t=48.11 sec t=51.53 sec t=54.34 sec t=57.15 sec

t=60.15 sec t=63.05 sec t=65.75 sec t=70.00 sec

Figure C-10f-l-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 6.
Time interval: 48 - 70 seconds.

C-I19



IX

P

2

&

I-

0
m

C

0
tm

0 'eJm,eJedtue.L eoejJns

O O 0 O 0
CO f_ _ OJ 0 0 0

t

_eJ e

eJ e

j • I

i@ I

:....
j_°

e e

4

ej

i@

°_

e je

E

°J J -_

•.i- i\

/p _ Z
AJ e

je

e_ .e

."2

°,,_
od2_

_J
@
i

E

0 I--

_.®o

'II

d

o o
o

o

o

co

d d d o d d o o

o!_el:l _uO

o
o

E
im
I--

0

!

0
°.m °°

0

0

C-120



A

'r"

e-
o
im

n-

:W:
r-

n"

I

(n
i--

0

o
E
,i

F-

>

e-
._m
U

,m

0
u
i_

(n
e-
e_
&.

F-
4-I

Q}
"I"

"O
t-.
m

0
im
W_

n-

Q}

o o
o
LO

o o d o d d o d o

o!le_l J,eM

o

• •

!

o

6

C-121



o

o
0
o

o
o
LO

0 0 0 0
0 0 0 0
0 _ 0 LO

w'- ,w-

()l'i_vtUlM) q

o

A

',,-"

I=
,1

I,-

0,I

F--

I

0

0

_q
•-, ¢'I

x_ N

•
.__:
_6

_..Z

• °

0

6

°.,,_

C-122



STS 60 Run #7, Region 1

i

t=l 1.24 sec t=12.44 sec t=13.60 sec t=14.82 sec

t=16.12 sec t=17.31 sec t=18.61 sec t=20.00 sec

Figure C-10g-l-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 7.
Time interval: 11.2 - 20.0 seconds.
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STS 60, Run#8, Region#1

t= 18.03 t= 19.71 t=21.41 t=23.20

t=24.90 t=26.57 t=28.27 t=29.98

Figure C-10h-l-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 8.
Time interval: 18.2 - 30.0 seconds.
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STS 60, Run#9, Region#1

t=40.52 t=43.26 t=46.05 t=46.85

t=51.62 t=54.41 t=57.20 t=59.98

Figure C-10i-l-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 9.
Time interval: 40.9 - 60.0 seconds.
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STS 60, Run #9, Region#2

t=60.55 t=62.85 t=65.75 t=68.65

t=71.48 t=74.29 t=77.20 t=80.01

Figure C-10i-2-iv. Sample images showing dryout/rewetting. PBE-IC (STS-60). Run No. 9.
Time interval: 60 - 80 seconds.
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Appendix D. Thin Film Heater/Resistance Thermometer: Assessment of Effect of Local
Temperature Variations on Mean Temperature Measurement.
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1. Introduction

Figure D- 1 presents the concept of using a thin gold film deposited on a quartz substrate as a

simultaneous heater and resistance thermometer for surface temperature measurements with

virtually instantaneous response characteristics. The relationship between temperature and

resistance is obtained by calibration in an isothermal bath. The sketch represents a surface of

infinite size, so that with no fluid motion the thermal behavior corresponds to two semi-infinite

solids with a plane uniform heat source at the interface, described by One-Dimensional transient

conduction. Computations of the surface temperature agree well with corresponding

measurements. Once the fluid has been set in motion, whether by natural or forced convection or

by boiling, the temperature at the interface can be expected to o longer be uniform. Since the

resistance measured is the overall mean, the corresponding temperature of the interface

computed from this resistance will be some type of a mean value.

In addition to the two-dimensional effects introduced at the interface by convection or

boiling of the fluid, two-dimensional interface effects are caused by the three-dimensional

conduction occurring in the substrate owing to the finite size of the heater. Such effects can be

ameliorated by making the heater surface area as large as possible relative to the thickness of the

transient boundary layers developing in the substrate, which will be a function of the thermal

properties of the substrate and of the frequency of the thermal disturbances produced by the fluid.

Sample computations of the three-dimensional substrate effects using a 3-D finite element model

for the geometry here are presented in Section 6.1.1.

The relationship between the mean heater surface temperature defined on the basis of the

surface area distribution and that determined from the measurement of the mean heater resistance

will be examined here.

2. Analysis

Figure D-2 represents the rectangular thin film heater mounted on a large substrate,

undefined for present purposes. Since the response time delay of the thin film to any temperature

disturbances is negligibly small, the thin film being typically on the order of 400 Angstroms in

thickness and its temperature being a function of the substrate surface temperature, a quasi-

steady process will be assumed.

A heater surface temperature distribution T(x, y) is taken as a result of some heat transfer

process to the fluid in contact with the heater. The mean heater surface temperature is defined

as:

1 Lw

T-wL _ _T(x'y) dydx (D.1)
O O
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Thelocal resistanceof theheater,RN,maybeexpressed,in ohms/square,as:

(D.2)

p is the resistivity and 8 is the uniform film thickness. The temperaturefunctionality is
determinedby calibration,eliminatingthenecessityfor determining8,andthus:

RN(T)= RN(X,y) (D.3)

Themeasurementof R in FigureD-2 (or its computationin thepresentcase)involves the

measurementof AE = El - E2 and the total current I. For an arbitrary RN(X,y), the
computationrequiresthesolutionof Kirchhoffs networklaw:

(D4)

subjectto theboundaryconditions:

E(o, y) = E1
E(L, y) = E2
bE
by (x, o)= 0

bE
by (x, w) = 0

(D.5)

The solution provides E(x, y), from which the current can be determined:

W

IT=
y-o

1 bE o
RN (o, y)[_-x)( ,Y)dy (D.6)

The mean resistance is then given by:

_- _ E1 -E2
IT (D.7)

from which a mean resistance temperature can be determined from the calibration curve

determined isothermally. It can be anticipated that for a given mean temperature defined by

Equation (D.1), various mean resistance temperatures can result, depending on the spatial

distribution of the temperature over the surface. The solution constitutes a complex inverse

problem, not amenable to a unique solution.

Lacking the possibility for a unique solution, the procedure to be followed here, to

demonstrate that the mean resistance temperature is a reasonable approximation to the true mean
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temperature,is anempirical one. A numberof severedifferencesin temperaturedistributions,

usingreasonablemaximumtemperaturedifferencesencounteredin prior measurements,will be
examinedfor their effects on the difference betweenthe mean temperatureand the mean

resistancetemperature.

3. One-DimensionalSolutions

Two caseswill be takenfor two temperaturesT1 andT2 on the planeheaterasshownin

FigureD.3. In (S),T1 existsuniformly acrosstheheaterin they-directionsothattheresistance

of T1 andT2 are in series(S), while on (P), TI existsuniformly down the heaterin the x-
direction so that the resistancesof T1 and T2 are in parallel (P). The resulting analysis

constitutestheOne-Dimensionalversionof Equation(D.4).
Theareafractionof theheatersurfaceat T1for eachof (S)and0P) in Figure D-3 is defined

as:

For a thin film heater the resistance-temperature calibration is given as:

T (°F) = AT + BT x RT (D.9)

From the post-flight calibration of the PBE-IB on STS-57, the constants AT (Table III) and BT

for Run No. 2 (from the single-point calibration) are:

AT = - 1358.5°F
BT = 427.32°F/ohm

For purposes of the analysis here, the resistance is expressed in terms of the temperature as:

AT T
RT = A + BT = - _ + BTT (D. 10)

The constants A and B become:

AT
A=-B-- _- = 3.179116ohm

1

B = _ = 0.00234017 ohm/°F

Expressing the resistance of Equation (D. 10) as ohms/square, since the current flows through two

isothermal squares in series during calibrations, for the heater configuration used here:
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RN= AN+ BNT (D.11)

wherenow

AN = 1.589558ohms/square

BN= 0.00117008ohms/square-°F

FromEquationD.1,themeanheatersurfacetemperatureis:

m

T =FAX T1 +(1 -FA) xT2 (D.12)

From measurements on the PBE-IB and -IC in STS-57 and STS-60, the maximum range of

the mean heater surface temperatures were measured as 70°C - 120°C, except where significant

dryout existed for a long period of time. For illustrative purposes here, this range of temperature

is used as:

T1 = 158°F

T2 = 248°F

RNI = 1.774431 ohm/square

RN2 = 1.879738 ohm/square

For configuration (S) in Figure D-3:

(x/RNI+ 2-w x RN2 (D.13)

where 0<x<2w

where

For configuration (P) in Figure D-3

RT = Rp = 2 x RN1 x RN2

0<y<2w

(D.14)

Expressing Rs and Rp, Equations (D.13) and (D.14), in terms of the area fraction FA, Equation

(D.8):

Rs = 2 [RN2 - FA (RN2 - RN1)] (D.15)

2 RN1 RN2 (D. 16)
Rp = ( 1 - FA) RN1 + FA RN2

where 0 < FA < 1
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SubstitutingEquation(D.15)orEquation(D.16)into Equation(D.9) thenprovidestherespective

meanresistancetemperatureof theheatersurface,correspondingto configurations(S)or (P). By

substitutingEquation(D.15)into Equation(D.9) it canbedemonstratedthatthefunctionalityof

theresultingmeanresistancetemperatureof Ts on FA is identical to that given by Equation

(D.12). The discrepancybetweenthe meanheatersurfacetemperaturedefinedby Equation

(D.12)andthe meanresistancetemperaturegiven by Equations(D.16) and(D.9) is plotted in

FigureD-4 asa function of theArea FractionFA at temperatureTI = 158°F,with T2 = 248°F

andusingtheheatersurfaceresistancecalibrationgivenabovefor STS-57,RunNo. 2.
It is noted that the maximum discrepancyof 1.3°F,is considerablybelow the absolute

uncertaintyof +3°F in the heater surface temperature measurements. The instrumentation

equipment sensitivities are capable of detecting changes of + I°F, however. The maximum

discrepancy of 1.3°F takes place at FA = 0.5, and this value will be used in configurations other

than those of Figure D-3. It was determined that if linear variations in temperature take place

within the domains in Figure D-3 such that the mean values of temperature are still T1 and T2,

the discrepancies will be identical to those for uniform temperatures.

4. Two-Dimensional Solutions

As a final assessment of the adequacy of taking the mean resistance temperature as the mean

temperature, the two-dimensional solutions of Equations (D.4) - (D.7) have been obtained by a

finite difference numerical procedure for FA = 0.50, which value was demonstrated above to

produce the maximum discrepancy, for the four (4) cases (a) - (d), shown in Figure D-5. A grid

of 48 × 96 nodes was used for each case, with approximately 30,000 iterations required to

achieve satisfactory convergence. The resulting maximum discrepancies for each of the cases of

Figure D-5 are included in Figure D-4, and are within the same range for the case studied in

detail, so that the maximum discrepancy is within + 1.5°F, less than the absolute uncertainty of

+3°F in the heater surface temperature measurement.

It is therefore concluded that the measured mean resistance temperature is a reasonable

approximation to the area averaged mean temperature in the data analysis procedures followed

for the PBE.
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Figure D-1. Concept of thin film as simultaneous heater and resistance thermometer.
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Appendix E. Procedure for Computation of Mean Microgravity Nucleate Boiling Heat
Transfer Coefficient

Page No. E-

1. Analysis

Figure E- 1.

Figure E-2.
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Schematic representation of boiling observed on heater surface in
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Heater surface representation from underside with defined terms .......
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1. Analysis

Thefollowing will demonstratehow themeasurementsof thefractionaldry portion

of the heaterareaandthe spatialmeanheatersurfacetemperaturesTw andheattransfer

coefficientsfiTmaybe related. FigureE-1 is arepresentation,from theunderside,of the

heatersurfaceonwhich boiling is takingplacein microgravlty,andmaybeconsideredto

be typical of, for example,Figure A-6b -- Frame#0952 andFigure A-6c-- Frame

#2603,reproducedfrom digitize_,b&inm framesfrom PBE-IA STS-47,RunNos. 2 and
3, respectively,and areruns with the largestsubcoolingused. The dry portions of the
heatersurfacearereadilydiscerniblein bothcases,asis thenucleateboiling takingplace

overtheremainderof thesurfacein Frame0952of FigureA-6b. Thesebubblesarethen

"absorbed"by thelargeroverlayingvaporbubbledueto theactionof thesurfacetension.
In Frame2603of Figure A-6c, on theotherhand,with the lower heatflux, part of the

domainbetweenthe dry portion appearsto be inactive in this frame. In reality, nucleate

boiling is alsooccurringin thesedomains,but with asignificantly smallerfrequencyand
nucleation site density. It should be kept in mind that the pool boiling processin

microgravity is inherently transient, becauseof the changing local subcooling and

changingsizeof theoverlaying vaporbubble,and consequentlythe natureof the local

andaverageboiling processeswill bechangingaswell.

FigureE-2 is asimplified representationof FigureE-1, andillustrateshow themean
heatersurfacetemperaturesand heat transfercoefficients aredefined for the dry and

nucleateboiling areasasTD, hD and TB, hB, respectively. The following additional
definitionsaremade:

AT = AD + AB (E.1)

AD AB
1 - AT + _ = FD+FB (E.2)

whereFD andFB arethe fractionaldry andnucleateboiling areasof the heatersurface,
respectively.

ii

qT = qT/AT (E.3)

m m B

Tw = FD× TD+FB× TB

The overall mean heat transfer coefficient:

(E.4)

hT = qq'/(Tw -Tsat) = ql"/ATw (E.5)
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qT = qD + qB (E.6)

q._ = qT = qD+ qB = AD q_ AB .... q_
AT AT AT A---Tx + _TT x qB = FD x qD + FB x (E.7)

The mean heat transfer coefficient on the dry portion of the heater surface is:

hD = q_/(T-D-Tsat) = qi)/A"TD (E.8)

The mean heat transfer coefficient on the nucleate boiling portion of the heater
surface is:

hB = qB](-T-B- Tsat) = qB/A"TB (E.9)

From Equations (E.5), (E.7) - (E.9):

ql" = hT x A-Tw = FDX hDX A-TD+FB Xh-B x A--TB

From Equation (E. 10):

hT = FDX hD x_-_I) +FB× hB ×_-_B

ATw ATw

(E. 10)

(E. 11)

If, as an approximation, hB can be considered constant for a given heat flux input

and bulk liquid subcooling, and also if hB >> hD and ATB/ATw -- 1, then from Equation

(E. 11):

KB= KB h-T
F--ff - (1 £F-D) (E.12)

Both hT and FD are independently measurable quantities, and the supposition as to the

constancy of hB thus can be tested. Should this prove to be the case, then the total heat

transfer rate could be approximated, from Equations (E.3), (E.5) and (E. 12) as:

qT = ATX(1-FD)X hB× A-Tw (E.13)
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The heat transfer coefficienthB defined by Equation (E.12) could be viewed, in these

circumstances, as a microgravity nucleate pool boiling heat transfer coefficient. The

assumptions made in its development are summarized:

(a) hB = constant

O) hB >> hD

(c) ATB/ATw = 1

m

where ATB and ATw are defined in Equations (E.9) and (E.5), respectively.

An additional assumption was implied:

(d) FB:/:-O

This last condition is related to the fact that FD is measured, and in Equation (E.12) the

measured hT is divided by FB = 1 -FD. If FD is close to unity, then FB is close to zero,

and the relative uncertainty can become quite large. The limit to which FD can approach

unity for these calculations is as yet unknown; as is shown in Figures 10 of Appendices

A, B, C, measurements up to FD = 0.95 have been made.
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